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ABSTRACT 
 
Steels are widely used in potash processing, but they show unsatisfactory performance under 
severe corrosion and wear conditions. Boronizing heat treatment is a good method to improve 
surface properties of steels used in potash processing. However, there is dearth of information 
on research works in the open literature focusing on the effect of boronizing on corrosion of 
steels used in potash processing plants. 
 
In the present study, AISI 1018 and AISI 316L steels were case-boronized at temperatures of 
850 °C, 900 °C and 950 °C for 4 h, 6 h and 8 h. The effect of boronizing conditions on boride 
layer thickness, hardness and boride phase evolution were investigated using hardness, surface 
roughness and thickness measurements, X-ray diffraction, optical microscopy and scanning 
electron microscopy. The wear, general corrosion and erosion-corrosion resistance of the 
boronized steels were evaluated using a pin-on-disc wear test apparatus, electrochemical 
corrosion measurements, and a flow loop apparatus, respectively. 
 
It was found that boronizing provided significant improvement in surface hardness and wear 
resistance for both AISI 1018 and AISI 316L steels. It was also found that the boride layer 
formed on the surface of AISI 1018 steel worked as a protective layer to reduce its corrosion 
rate in both saturated KCl and saturated raw potash solutions. However, boronizing did reduce 
the corrosion resistance of AISI 316L steel in both solutions, probably due to increase in 
porosity observed in the boride layer formed on it. The results of erosion-corrosion experiments 
showed that boronizing was effective in improving the erosion-corrosion resistance of AISI 
1018 steel in saturated potash-silica sand slurry. 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Background 
 
Plain carbon and low alloy steels are versatile in their application and are widely used due to 
their good mechanical properties, availability and relatively low cost. However, when used in 
corrosive and wear environments such as those in potash and other mineral processing 
industries, these steels suffer extensive degradation which can lead to equipment failure, and 
product leakage. Surface modification treatment is an important way to improve wear, 
oxidation and corrosion resistance of plain carbon and alloyed steels. Commonly used surface 
modification treatments include hard facing, plating, thermal spraying, chemical vapor 
deposition (CVD), physical vapor decomposition (PVD), carburizing, boronizing and nitriding. 
 
Boronizing is a thermochemical surface treatment in which boron (B) atoms diffuse into a metal 
substrate and form a very hard boride surface layer. It has proven to be a very effective surface 
hardening process in industrial practice for several years [1]. Metals suitable for boronizing 
treatment include, carbon steels, cast irons, low alloy steels, high alloy steels, tool steels, 
stainless steels, cobalt alloys and nickel alloys. Two boride phases are formed when plain 
carbon steels are boronized, namely: Fe2B with 8.8 wt% B and FeB with 16.1 wt% B [2]. The 
formation of saw tooth-like Fe2B is most desired in industrial applications because it is less 
brittle than FeB [3] and allows for sequent heat treatment of the substrate steel without altering 
its properties. When alloy steels are boronized, some of the alloying elements such as 
chromium (Cr) and nickel (Ni) can form different borides with boron [4]. The amount of boride 
phases that form during boronizing treatment of steels depends on process parameters such as 
temperature, chemical composition of the steel and boronizing compound, boronizing method, 
and exposure time at the treatment temperature [5][6]. Compared with plating or coating, 
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boronizing has two unique advantages: (i) there are no problems associated with bonding 
failure or surface layer delamination, and (ii) there is no significant change in the size of the 
workpiece. Besides, it has additional advantages of high wear resistance and high-temperature 
stability. 
 
Although several studies have been conducted on dry/lubricated wear and electrochemical 
corrosion of boronized plain carbon, low alloy and stainless steels [7][8], there is dearth of 
information on the erosion-corrosion behavior of boronized carbon steel elbows in potash 
slurry environment. Erosion-corrosion is a major factor in the failure of pipelines in oil, gas, 
and mineral processing industries [9]. Furthermore, there is little information on the corrosion 
behavior of boronized carbon and stainless steels in saturated potash brine. 
 
1.2 Objectives 
 
The main goal of this study was to improve the dry wear, corrosion and erosion-corrosion 
resistance of AISI 1018 low carbon steel and AISI 316L austenitic stainless steel. To realize 
this goal, the following specific objectives were pursued: 
1. Determine the effect of boronizing treatment temperature and time on the thickness and 
hardness of the boride layer on AISI 1018 and AISI 316L steels. 
2. Identify the chemical composition of boride layer and surface morphology of boronized 
samples and select the optimal process parameters for the best performance of boronizing.  
3. Determine the effect of boronizing treatment on the wear, corrosion and erosion-corrosion 
resistance of AISI 1018 and AISI 316L steels. 
 
In order to conduct the above study, a facility was designed and constructed for boronizing 
plain carbon, low alloy and stainless steels. 
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1.3 Contributions 
 
There are two main contributions of my M.Sc. research. Mathematical models were developed 
to predict the thickness of boride layer and surface hardness of boronized AISI 1018 and AISI 
316L steels. With these models, it was possible to select the optimal boronizing parameters to 
achieve the desired boride thickness and hardness. It was demonstrated in this study that case-
boronizing process can be used to increase the hardness of the internal surface of AISI 1018 
low carbon steel elbows with a view to improving their resistance to erosion-corrosion in 
potash slurry environment. 
 
1.4 Thesis Organization 
 
Chapter 1 covers motivation and objectives of the present research work and the organization 
of this thesis. Chapter 2 contains a comprehensive review of boronizing heat treatment. The 
chemical nature of the obtainable boride layers, their properties and practical application are 
discussed. In Chapter 3, the experimental materials and techniques used in this research are 
presented. In Chapter 4 results obtained from experiments carried out in Chapter 3 are 
presented and discussed. Chapter 5 contains the conclusions drawn from analyses of 
experimental results and suggestions for future work. 
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CHAPTER 2 
LITERATURE REVIEW 
 
The literature review chapter begins by explaining the practical problem faced in application 
of potash related industry. Next, the different surface modification methods used in industry 
and lab are described. Then, the concept and processing of boronizing is introduced. Finally, 
this chapter ends with different characterization techniques used for polymer reinforced 
composites for electronic packaging applications. 
 
2.1 Background 
 
The materials used in practical application especially working with oil, mine, potash these 
kinds of high corrosive substrates, always suffer from the attack of corrosion, wear and erosion-
corrosion. 
 
2.1.1 Corrosion 
 
Corrosion is a natural electrochemical process during which a metal reacts with its environment 
to return to its natural lowest energy state. Thus, for example, iron has a natural tendency to 
combine with other substances like water or oxygen to form rust. Rust consists of a hydrated 
iron oxide, similar in chemical composition to the original iron ore.  
 
Corrosion occurs at a rate determined by the equilibrium between electrochemical anodic and 
cathodic reactions. The anodic reaction releases ions into to electrolyte and the anode (always 
metal) is oxidized. The cathodic reaction absorbs electrons released in the anodic reaction in a 
reduction reaction which depends on the environment. When these two reactions are in 
equilibrium, the flow of electrons from each reaction is balanced and no net electron flow 
occurs, the corrosion rate is determined.  
5 
 
There are different forms of corrosion: uniform corrosion, galvanic corrosion, crevice corrosion, 
pitting corrosion, stress corrosion cracking, hydrogen damage, intergranular corrosion, 
dealloying and erosion-corrosion. Uniform attack is the most common form of corrosion. It 
refers the corrosion evenly distributed on the surface or big areas of the materials. Galvanic 
corrosion is the corrosion that happens between two connected metals with different corrosion 
potential exposed to corrosive environment or immersed into corrosive solution. Crevice 
corrosion is an intense localized corrosion happened in crevice or other shielded areas on 
materials in corrosive environment. Pitting corrosion is an extremely localized form of 
corrosion and results in holes on the surface of materials with limited weight lost and is hard 
to detect. Stress corrosion cracking refers to cracking caused by the simultaneous presence of 
tensile stress especially the residual stress from welding, and a specific corrosive medium[10]. 
Hydrogen damage is creation of internal defects like blistering, shatter cracks and fakes or fish-
eyes to increase porosity of materials. Intergranular corrosion is the localized attack at and 
adjacent to grain boundaries with relatively little corrosion of the whole grain. Dealloying, also 
termed selective leaching, is the removal of one element from a solid alloy by the corrosion 
attack, like the zinc removed from brass. Erosion corrosion is an accelerated material 
degradation due to the combined action of erosion and corrosion. It occurs when where motion 
of the corrosive fluid occurs. 
 
2.1.2 Friction and wear resistance 
 
Wear is one of the major causes of failure of structural components, especially in moving parts. 
Friction and wear are not intrinsic material properties but are characteristics of the engineering 
system (tribo-system). Friction is the resistance to motion and arises from interactions of solids 
at the contact surface [11]. Friction and wear are serious causes of energy dissipation and 
material degradation. Economic losses because of wear can generally be reduced by optimizing 
plant organization and proper design, production, mounting, and servicing of appliances[12]. 
There are different forms of wear. These include: adhesive wear, abrasive wear, surface fatigue, 
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fretting wear, erosive wear and corrosion and oxidation wear. Abrasive wear, most important 
type of wear for the industrial machine parts, is important as it may cause rapid failure in the 
system. 
2.1.3 Erosion-corrosion 
Erosion corrosion is an accelerated material degradation due to the combined action of erosion 
and corrosion. It occurs when where motion of the corrosive fluid occurs. Erosion corrosion 
consists of two parts, namely: (i) mechanical erosion of the material or protective (or passive) 
oxide layer on its surface and (ii) the enhanced corrosion of the material if the corrosion rate 
of the material depends on the thickness of the oxide layer. 
 
Erosion-corrosion is usually observed in tanks, tubes, where fluids flow is a common 
occurrence. Depending upon the flow rate of the corrosive fluid, the intensity of corrosion can 
be high or low. The transportation of petroleum, gas or potash products is often accompanied 
by solid particles or gas bubbles promote erosion-corrosion of pipelines. During the erosion-
corrosion process, the corrosive products formed on the pipeline surface in the form of oxide 
film is removed by the mechanical action of the erosive particles or gas bubbles, especially 
where there is turbulence in fluid flow. Removal of the oxide film particles by the mechanical 
action subjects accelerates the rate of material removal due to corrosion [13]. The economic 
loss associated with erosion-corrosion problems can be very high due to erosion-corrosion 
failure and attendant high maintenance costs [9]. 
 
2.1.4 Potash and mineral industry 
 
Potash is a naturally occurring mineral deposit that was formed millions of years ago by the 
evaporation of seas. The majority of the world’s potash supply is found in Canada, with other 
deposits also found in Belarus, Brazil, Chile, China, Germany, Israel, Jordan, Laos, Russia, 
Spain, United Kingdom and the United States. Saskatchewan has the world’s largest reserves 
of potash. [14] Potash is mostly used as fertilizer after proper treatment. 
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There are two types of potash mining methods: conventional mining and solution mining. 
Conventional mining is developed in areas where the potash formation is close to 1000 m below 
the surface. A large shaft is used to transport employees underground, lower mining equipment 
and also transport large pieces of potash raw ores to the mill. Solution mining is applied in 
areas where the potash is very deep in the ground (1500 m to 2400 m) resulting in the high cost 
and high risk both for safety of employees and mining equipment by conventional mining [15]. 
In solution mining, water is injected into the potash formation to dissolve the potash and the 
potash brine so generated is pumped up to the surface for further processing which is shown in 
Figure 2.1. To remove the potash from solution, both mechanical and pond crystallization 
methods can be used. Since the desired potash is dissolved into solution and brought to the 
ground, there is no need for the industry to send employees underground. However, in solution 
mining, the heated water is very corrosive for the pipe after dissolving potash with rocks and 
sands. 
 
Figure 2.1. Schematic diagram for solution mining (adapted from [15]). 
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2.2 Materials 
2.2.1 Low carbon steel 
Low carbon steel or mild steel is the most commonly used steel grade in engineering structures 
due to their low price and their acceptable properties for many application requirements. This 
type of steel contains at most 0.3 wt.% carbon. It contains alloying elements such as manganese 
to enhance mechanical strength [16]. Low carbon steels are desirable for construction due to 
their good weldability and machinability. They also have good malleability and can easily be 
formed by mechanical processes such as rolling, forging, drawing, etc. One of the major 
drawbacks to the use of low carbon steels in many applications is their high susceptibility to 
corrosion damage. They exhibit poor resistance to erosion-corrosion damage. 
2.2.2 Stainless steel 
Stainless steel is an iron-based alloy that contains a minimum of about 12 wt.% Cr, which is 
added to impart corrosion resistance by the formation of protective chromium oxide film on 
the surface [17]. The formation of the adherent, protective and impervious chromium oxide 
layer accounts for the high corrosion resistance of stainless steels in many environments [18]. 
Other alloying additions to stainless steels include nickel, manganese, molybdenum, etc. The 
stable phase in a stainless steel and its properties (corrosion and mechanical) depends on the 
content of the alloy addition. Fig. 2.2 shows common grades of stainless steels. As a result of 
their combination of high resistance to corrosion and relatively good strength, stainless steels 
are widely used in the chemical, petrochemical and nuclear power plants [19]. Stainless steels 
are also used to make biomedical implants and prostheses [20]. However, some stainless steels 
have poor resistance to wear or tribological damage, which can limit their application in some 
engineering systems [21]. 
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Figure 2.2. Common stainless steels. 
 
2.3 Boronizing 
2.3.1 Introduction of boronizing 
Boronizing or boriding is one of the thermochemical processes that has been developed to 
improve the wear resistance of steels and has found significant application in mineral and 
chemical processing plants. This process can be applied to wide range of materials, like ferrous, 
non-ferrous, cermet et al. However, steels containing aluminum should not be boronized, e.g. 
nitriding steel (34CrA1Ni7 - material no.1.8550) due to the high porosity of the boride layer. 
Also, steels with Si content about 1 wt.% are an inappropriate substrate for thick boride zones. 
As both these metals will be pushed back by the boron diffusing into the surface to settle below 
the Fe2B phase in the diffusion zone producing ferrite there. The hard boride zone will be 
anchored to a zone even softer than the substrate and if a high load is applied on this kind of 
structure, the brittle hard boride layer will be pressed into the very soft intermediate causing 
the failure of workpieces [22]. One of the remarkable advantages of boronizing is filling out 
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the gap between the conventional method and advanced technology can only be achieved in 
lab. It offers a low-cost procedure for producing high-quality products with enhanced wear 
resistance. The operational cost of boronizing is lower than that of other thermo-chemical 
treatments such as carburizing, nitriding, and nitrocarburizing[23].  
 
Due to their relatively small size and high mobility, boron atoms can diffuse readily into 
substrates [24]. They can form an interstitial solid solution with iron (see Fig. 2.3) [25] and can 
also react with iron to form single Fe2B and Fe2B + FeB polyphase during boronizing treatment 
to improve surface properties of steel structural components [18].  
 
Figure 2.3. Fe-B binary phase diagram [26]. 
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The boron-rich FeB phase has an orthorhombic crystal structure while monophasic Fe2B has a 
body central tetragonal structure with 8.83 wt.% boron. FeB is more brittle compared to Fe2B 
phase, and the fracture toughness of the Fe2B phase is approximately four times greater than 
of the FeB phase[24][27]. Therefore, Fe2B phase is more desirable than the FeB phase. In 
boronized surface coating of steels. Crack formation is generally observed at the FeB/Fe2B 
interface due to the significant difference in their coefficient of thermal expansion (αFeB = 23 x 
10-6/℃ and αFe2B = 7.85 x 10-6/℃). Table 2.1 shows the differences in properties of FeB phase 
and Fe2B phase. 
Table 2.1. Properties of FeB and Fe2B [28]. 
Property FeB Fe2B 
Microhardness 1900 – 2100 HV 1400 - 1800 HV 
Modulus of elasticity 590 GPa 285 - 295 GPa 
Density 6.75 g/cm3 7.43 g/cm3 
Composition Containing 16.23 wt% B Containing 8.83 wt% B 
Crystallography details 
Orthorhombic crystal 
structure with 4 iron and 4 
boron atoms per unit cell 
Body- centered tetragonal 
structure with 8 iron and 4 
boron atoms per unit cell 
Lattice parameters 
a = 4.053 Å, b = 5.495 Å 
and c = 2.946 Å 
a = 5.078 Å and c = 4.249 Å 
Coefficient of thermal 
expansion (α) 
23 x 10-6 / ℃ 7.85 x 10- 6 /℃ 
Melting point 1550 ℃ 1390℃ 
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2.3.2 Boronizing techniques 
 
Boronizing can be done using several different techniques, which include pack boronizing, 
molten salt boronizing, gas boronizing, paste boronizing, and plasma boronizing [7][29][30]. 
Each of these boronizing methods has its own drawbacks. In gaseous boronizing for example, 
boron sources such as BCl3, BBr3 and BF3 with H2 or Ar gases are used. It requires very fine 
control of the moisture in the gaseous atmosphere and the boron source gas is costly, poisonous, 
and explosive [31]. Plasma boronizing also uses gaseous boron sources and suffers the same 
drawbacks as gaseous boronizing processes. The formation of pores in the boride layer (high 
porosity) is another problem associated with plasma boronizing process [32]. In liquid 
boronizing, the sample is dipped into a melted salt bath which consists of borax, boric acid and 
ferro silica and held at that temperature for the required amount of time. The formation of a 
firmly adherent salt layer on the surface occurs, which is difficult to remove, thereby limiting 
its application in the industry[33]. In solid boronizing, the sample is placed in a leak proof box 
with enough powder mixture and at high temperatures for a relatively long duration. Solid 
boronizing, especially paste and pack boronizing using Ekabor series powder, has the 
advantages of low cost, high safety, easy to clean, and easy to operate. 
 
2.3.3 Growth of boride layers 
 
Boronizing is a thermo-chemical treatment that it involves high-temperature chemical reactions. 
On the condition that boron diffuses and grows parabolically, the variation of boride layer 
thickness with time can be described using equation (2.1) [34]. 
𝑥2 = 𝐾𝑡 . . . . . . . .  . (2.1) 
 
where x is the depth of the boride layer (mm), t is the boriding time (s), and K is the growth 
rate constant (mm2/s) that depends on the diffusing specie (in this case boron atom) and the 
diffusion coefficient (mm2/s). The relationship between rate constant K and temperature can be 
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expressed by an Arrhenius-type equation (2.2) [18]: 
𝐾 = 𝐾𝑜𝑒𝑥𝑝(−
𝑄
𝑅𝑇
) . . . . . . (2.2) 
 
where Ko is a pre-exponential constant (mm2/s), Q is the activation energy (J/mol), T is the 
absolute temperature in Kelvin and R is the gas constant (J/mol*K). A schematic diagram 
illustrating the growth of the boride layer on the surface of steel is shown in Figure 2.4. 
  
Figure 2.4. Schematic presentation of the mechanism of formation of boronized layer on the 
steel surface[32]. 
 
As mentioned previously, thermochemical boronizing methods provide a boron-rich 
environment, just like in packing boronizing, with B4C used as the boron-yielding substrate 
and potassium fluoroborate (KBF4) as the activator. At the high boronizing temperature, KBF4 
decomposes into BF3 gas and KF. BF3 gas can react with boron-yielding substrate B4C to 
generate a boronizing atmosphere. Nucleation of a boron-rich compound happens on the 
surface of steel due to a reaction between the Boron-rich atmosphere and substrate which is 
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also a function of boronizing temperature and time. The chemical composition is also 
determined by the concentration of free boron in this boron-rich compound layer. This step is 
similar to the formation of ‘‘transition zone’’. The nucleation of the Fe2B phase occurs near the 
surface region of boron-rich compound layer and then the compound layer is used for the 
growth of Fe2B layer. 
 
Fe2B phase forms before FeB phase. Once the boron potential reaches around 9 wt.% on the 
surface of the substrate, the formation and growth of the Fe2B layer starts[33]. The growth of 
the Fe2B layer is perpendicular to the steel surface and follows the diffusion axis. [32][35] And 
the growth of boride layer depends on the availability of boron potential, temperature and 
duration. When a large amount of Fe2B phase covers the steel surface, they contact with each 
other and cause the generation of high-stress areas, which also promote the boride layer to grow 
inside the steel by producing columnar morphology. 
 
Other alloying elements in the substrate always have poor solubility in iron boride layer, so 
that they would be pushed back from the steel surface back into the steel. Due to this reason, 
the transition zone between surface boride layer and substrate matrix is usually generated.  
With increasing boronizing time if the boron potential remains at around 16 wt.%, the 
nucleation of FeB phase occurs near the outer surface region of Fe2B. The FeB phase grows at 
the same time as the Fe2B phase. The process can be described with equations (2.3) to (2.5) 
[33]:  
KBF4 →  KF(s)+BF3(g) . . . . .. . . (2.3) 
2 Fe+ 
1
13
 BF3(g)+ 
3
13
 B4C (s) →  Fe2B(s)+ 
3
52
 CF4(g)+ 
9
52
 C(s) . . . (2.4) 
B4C (s)+ Fe2B(s) →  4B[Fe2B]+C(s) . . . . . . (2.5) 
 
Under diffusion control, FeB and Fe2B phases thicken at the interface 2 (see Figure 2.5) 
according to the following reactions: 
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Bdiffuse+ Fe2B →2 FeB . . . . . . . (2.6) 
Fediffuse+FeB →Fe2B . . . . . . .  (2.7) 
 
During the diffusional growth, diffusion across the layer bulks is the rate-determining step [5]. 
The interface is undersaturated with boron atoms and the reactions are very rapid, their rates 
exceed the diffusion rate of boron atoms across Fe2B layer and reacting with Fe. Also, because 
the FeB layer is compact and will not allow BF3 gas to penetrate. As a result, no more boron 
atoms can diffuse to interface 3 to form iron boride with the substrate; almost all of the boron 
atoms are consumed at interface 2. 
 
Figure 2.5. Schematic diagram to illustrate growth process of two boride layers under 
conditions of diffusion control. [5] 
 
2.3.4 Effect of alloying elements 
 
Besides boronizing temperature and time, alloying elements in the substrate can also have a 
significant effect on the growth and the chemical composition of the boride layers [36]. 
Generally, the presence of alloying elements inhibits the diffusivity of boron atoms resulting in 
a thinner and biphasic boride layer. Carbon, silicon and aluminum are not soluble in the iron 
boride layer. They are pushed from the surface by diffusing boron and displaced ahead of the 
boride layer into the substrate. This process results in the formation of iron-silico-borides 
between the Fe2B layer and matrix [32][37][34]. High amount of aluminum is also reported to 
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make the boride layer-matrix interface smoother [38]. In addition, vanadium is also reported to 
have the ability to reduce the active boron diffusivity by entering the iron boride lattice and 
lead to a substantial decrease in the boride layer thickness [6]. The presence of chromium 
reduces boride layer thickness and flattens out the characteristic tooth-shaped morphology 
[34][39][6]. The good solubility of chromium in the iron boride phase leads to the replacement 
from iron to chromium and forms (Fe, Cr)B and (Fe, Cr)2B on the surface. The similar atomic 
radius of Cr (0.166 nm) compared with that of iron (0.155 nm) is also one of the reasons why 
Cr can dissolve in the Fe sub-lattice of borides [35]. And this observation was confirmed by 
energy dispersive X-ray spectroscopy (EDS) analysis in another study [20]. Also, Cr also 
promotes the formation of FeB phase on the outer surface and leads to an increase in the 
microhardness of the boride layer [35][40][37]. Nickel can also reduce boride layer thickness 
and flatten out the tooth-shaped morphology by producing a high surface tension at the 
bride/substrate interface [19][38]. Nickel is found to concentrate beneath the boride coating, 
enter the Fe2B phase and finally precipitate out of the boride layer with the form of Ni3B and 
other kinds of nickel boride[41]. In fact, the atomic radius of Ni is slightly larger than that of 
Fe. As such, it is then expected that Ni will dissolve in the Fe sublattice of the borides and form 
solid solutions such as (Fe, Ni)B and (Fe, Ni)2B [42]. As for manganese, the preferential entry 
of manganese into the boride layer by is by substituting for iron in the Fe2B and FeB was 
confirmed [41]. But compared with the effect of chromium, manganese only has marginal 
influence [43]. It was reported in a previous study that increasing Mn content prevented crack 
formation at the interface of FeB and Fe2B phases, which was attributed to the similarities of 
Fe and Mn both in atomic and crystal structure[44]. 
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2.3.5 Properties of Boride Layers 
 
2.3.5.1 Hardness of boride layers 
 
One notable advantage of boronizing is that it provides a thick, compact layer with very high 
surface hardness. Mohammed [45] boronized AISI 1018 with three different chemical 
compositions of the boronizing media at 850 ℃, and he reported significant improvement in 
microhardness; the hardness increased from 151 HV for the as-received sample to 1800 HV 
for boronized samples. Genel et al. studied the effect of boronizing using Ekabor1 powders on 
the hardness of AISI W1 steel and observed the hardness of the boride layer formed on the 
surface of the steel substrate to be higher than 1500 HV [25]. Gunes et al. applied plasma paste 
boronizing (PPB) by using 100% borax paste to AISI 8620, 5100 and 440C steels. The lowest 
hardness value (1730 HV0.05) was found for the boride layer that was deposited on 8620 steel 
at 700 °C while the highest hardness value (1968 HV0.05) was recorded for the boride layer 
on 440C steel boronized at 800 °C [31]. Pala et al. reported that the hardness of X210Cr12 
increased to 1350 ± 180 HVN and 1520 ± 220 HVN after 5 h and 12 h boronizing treatments, 
respectively [3]. Ozbek et al. boronized AISI 316L steel and obtained a hard boride layer on 
the surface of the steel with a hardness value of over 1500 VHN [20]. 
 
2.3.5.2 Corrosion characteristics of boride layers 
 
The corrosion behavior of boronized steel was studied by a number of investigators. Wang et 
al. [46] investigated the corrosion behavior of boronized 65Mn (equivalent to AISI 1066 alloy 
spring steel) in two acidic media; hydrochloric acid solution (10% mole fraction) and the weak 
acidic medium consisting of fertilizer-containing soil. After 168 h exposure in the hydrochloric 
acid solution, the weight loss of the boronized steel was determined to be 27.9% of the weight 
loss of the lonnealing-status sample. The surface of the boronizing-status sample is only 
sporadically distributed with small corrosion pits, while the surface of the lonnealing-status 
sample is distributed with a large number of large corrosion pits with a depth of hundreds of 
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microns which indicated the effect of boride layer on increasing corrosion resistance. Mejía-
Caballero et al. [47] also compared the corrosion resistance of the boronized AISI 1018 and 
AISI 304 steels with non-boronized ones in 1M HCl solution by polarization resistance and 
EIS method. The boronized samples exhibited better corrosion resistance than the as-received 
steels. This is the case for both varieties of steels investigated in the study. Mejía-Caballero et 
al. [47] also stated that the pitting corrosion occurred in the untreated samples while both 
pitting and crevice corrosion occurred in the boronized steel specimens. Tsipas et al. [48] 
studied the corrosion behavior of AISI 1020 steel and concluded that boride layers on the 
surface provided substantial corrosion protection of the steel in naphthenic acid corrosion, both 
in liquid and in vapor phase. Lin et al. [49] investigated the effect of boronizing treatment on 
P110 oil casing tube steel to study whether boronizing can be effective for corrosion and wear 
protection in the oil industry. Based on the results of electrochemical potential measurements, 
they concluded that boronizing treatment increased the corrosion resistance of P110 steel in 
simulated oilfield water. However, the research conducted by Mejía-Caballero et al. [50] 
reported that boronizing treatment resulted in a decrease in the corrosion resistance of AISI 
316L in simulated body fluid solution (SBF) due to the porosity of the boride layer. 
 
2.3.5.3 Friction and wear characteristics of boride layers 
 
The wear behavior of boronized steel has been studied by a number of investigators. Basir et 
al. [51] reported that boronizing treatment increases the wear resistance of 316 stainless steel 
and increasing the boronizing temperature using the shot blasting process improves its wear 
resistance greatly when tested using the pin-on-disc abrasion test. Cárdenas et al. [35] stated 
that sliding wear resistance for the boronized AISI H13 and D2 steels was 13 times greater than 
that of the unboronized steel. Besides, the mechanism of wear also changes; the wear 
mechanism for unboronized samples was reported to be cracking and spalling while it was 
plastic sliding wear for boronized samples for AISI H13 steel, and plastic deformation, cracking 
and abrasion for D2 steel. Xu et al. [52] observed that the boride layer provides excellent wear 
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resistance and a lower coefficient of friction within the load range 50 - 130 N for a sliding 
speed of 0.785 m/s in N80 tube steel due to high hardness and low welding tendency of boride 
layers. Atik et al.[53] carburized and boronized SAE 1010, SAE 1040, D2 and AISI 304 
stainless steel and observed that boronized steels exhibited higher hardness and better abrasive 
wear resistance compared to carburized steel. However, they also reported that wear 
performance of the boronized steels was not directly related to the thicknesses of the boride 
layer and surface hardness. 
 
2.3.5.4 Other properties of boride layers 
 
Boride layers have been reported to improve oxidation resistance compared to the substrates. 
Khenifer et al. [54] studied the effect of boronizing on the high-temperature oxidation 
resistance of AISI 316L stainless steel. They reported that the oxidation kinetics of boronized 
and untreated 316L stainless steel at high temperature (850-1000 °C) obeyed a parabolic law 
and the improvement of hot oxidation resistance is obtained by forming a layer of oxides and 
more compact (less porous) products on boronized surface. Suwattananont et al. [55] reported 
that boronizing had a positive effect on high-temperature oxidation resistance of AISI 1018 due 
to the formation of amorphous B2O3 on the boron coating, which inhibited the formation of 
iron-oxide oxide and iron borates on the surface. 
 
2.4 Structural Characterization of Boride Layers 
In this section, different structural characterization methods for boride layers developed on the 
surface of steels are presented and discussed. 
 
2.4.1 X-ray diffraction (XRD) 
 
XRD is a non-destructive analytical technique used for phase identification of a crystalline 
material and can provide information about unit cell dimensions. The analyzed material is 
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usually in powder form. In the XRD equipment, high-energy electrons generated by a heated 
filament accelerate towards the target and dislodge inner shell electrons of the targets. Then the 
X-ray is obtained when high speed electrons collide with a metal target or undergo a change in 
momentum. The generated X-ray is directed onto the sample surface and diffraction peaks are 
generated when the geometry satisfies the Bragg’s Law. An X-ray detector is used to capture 
the reflected X-ray signals and the diffraction patterns. The schematic of an X-ray diffraction 
device is shown in Figure 2.6. 
 
XRD is used to identify the chemical composition of boride layers, especially for the high alloy 
steels in which other alloying elements can also react with boron atoms to form borides. Çalik 
[30] found the difference in chemical composition of boride layers on EN H320 La steels 
produced with different boronizing agents. Campos et al. [19] confirmed with the help of XRD 
that other alloying elements such as Ni and Cr can react with boron atom to form nickel boride 
and chromium boride,. 
 
Figure 2.6. Schematic representations of X-ray diffraction (XRD)[56]. 
 
2.4.2 Scanning electron microscopy (SEM) 
 
SEM is a widely used technique to study the surface morphology and the microstructure of 
materials. In this technique, high-energy primary electrons, generated by an electron gun, 
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interact with the materials in a high vacuum environment. Different types of detectors can be 
used to collect back-scattered electrons or secondary electrons to produce the image of the 
surface of materials. SEM analysis has been used to trace wear caused by reciprocating wear 
testing in order to understand the mechanism of wear in as-received materials and boronized 
materials. [57][58][35][49]. It was used to investigate the exposed surface of materials after 
corrosion testing to determine the mechanism of corrosion damage of materials with and 
without boride surface coating [59][60][61]. With a higher resolution and a higher depth of 
focus, compared to optical microscope, SEM can provide more detailed information about the 
corrosion and wear mechanisms. For instance, Li et al. [57] analyzed the SEM images of worn 
surface and cross-section for boronized and as-received steel samples. The authors observed 
that the lamellar film is rare, there are many spalled pits filled with wear debris on the surface 
at high load and the cracks on the friction surface initiate in the contact areas of friction pairs. 
Cárdenas et al. [35] studied AISI H13 tool steel and obtained that the wear condition is 
characterized by the presence of zones of partial failure and zones with complete degradation 
of the boride layer and the as-received worn surface shows a much more serious wear damages 
by analyzing the SEM images of worn surface. An et al. [61] used SEM to investigate the 
corrosion region of boronized AISI 8620 samples and find that the surface of non-boronized 
sample was covered by a rough, incompact corrosion product film while that of boronized 
sample was still covered by boride layer after immersion in oil field water and H2S saturated 
oil field water. 
 
2.5 Corrosion and Wear Properties Determination 
 
2.5.1 Potentiodynamic polarization 
 
Potentiodynamic polarization is a commonly used electrochemical technique to evaluate 
corrosion properties of materials. In a potentiodynamic experiment, the driving force (i.e., the 
potential) for anodic or cathodic reactions (depending on the nature of the scan) is controlled, 
and the net change in the reaction rate (i.e., current) is determined. The potentiostat measures 
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the current which must be applied to the system in order to achieve the desired increase in 
driving force, known as the applied current. As a result, at the open circuit potential (potential 
at which the total anodic current is equivalent to the total cathodic current) the measured 
applied current will be zero. 
 
In a potentiodynamic polarization experiment, a working electrode, a counter electrode, a 
reference electrode and electrolyte are needed. The saturated calomel electrode (SCE) and the 
silver-silver chloride reference electrode are commonly used as reference electrodes. The Tafel 
slopes obtained from the extrapolation can be used with the polarization resistance to obtain 
corrosion current density, corrosion potential, slope of anodic branch and slope of cathodic 
branch and calculate the corrosion rate [62]. 
 
2.5.2 Friction and wear resistance 
 
Friction is measured by the relative movement of surfaces in contact with each other when 
under an applied load. When the relative movement happens between two surfaces, dynamic 
friction is obtained. Friction behavior strongly depends on the condition of the test, such as the 
normal force, pin tip radius, ambient temperature, relative humidity and presence of lubricating 
agent [63]. 
 
The coefficient of friction is the ratio of the force hindering the relative movement between 
two surfaces and the applied normal force. Wear is a measure of the deformation and volume 
change of the materials in dynamic contact with another material. The degree of wear damage 
can be characterized by wear rate. Wear rate is the rate of material removal or dimensional 
change due to wear per unit distance or time of exposure parameter, for example, quantity 
removed (mass, volume, thickness) in unit distance of sliding or unit time which can be 
characterized using equation (2.8) [63]. 
Wear rate=
wear volume
total distance of sliding
 . . . . . . . (2.8) 
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Wear rate is sensitive to factors such as the normal force, pin tip radius, ambient temperature, 
relative humidity and application of lubrication. A schematic diagram of a commonly used 
linearly reciprocating ball-on-flat sliding wear is presented in Fig. 2.7. 
 
Figure 2.7. Schematic diagram of reciprocating wear test apparatus. 
 
2.5.3 Erosion-corrosion test 
 
Erosion-corrosion test usually involves measuring and recording weight data before and after 
erosion-corrosion and determining the weight loss during the erosion-corrosion experiment. 
The rate of erosion-corrosion can be determined using equation (2.9) [64]: 
Erosion-corrosion rate=
weight loss
total internal surface area * test duration
 . . . . (2.9) 
Erosion-corrosion rate is affected by particle concentration, particle size, slurry velocity 
(related to impact velocity) and impact angle. 
 
2.6 Summary 
 
A detailed literature review on boronizing treatment of steels was carried out. The advantages 
and drawbacks of different boronizing methods as well as the effect of different alloying 
elements on boride layer growth were discussed. The properties of the boride layer such as 
microhardness, wear, corrosion, oxidation resistance for different types of steels were reviewed. 
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The reason for high brittleness and low resistance of boronized steels to spalling, especially for 
high alloy steels, were clarified. Reducing the brittleness of boronized steels without 
significantly reducing the surface hardness, wear and corrosion resistance is desirable. The 
erosion-corrosion behavior of boronized steel must be investigated to determine the suitability 
of boronizing treatment for application in the mineral processing industries where slurries 
containing solid particles are forced to flow through pipes. Currently, not much work has been 
done on boronizing steel for improved resistance to erosion-corrosion in potash industries. 
Hence, an important aspect of the present research is to develop a uniform, monophasic boride 
layer on AISI 1018 low carbon steel and AISI 316L stainless steel to get higher surface hardness, 
better resistance of wear, corrosion and erosion-corrosion for application in potash processing 
plants.  
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL METHODS 
 
The materials and experimental procedures used/developed in this research work in order to 
achieve the research objectives are described in this chapter. 
 
3.1 Materials 
 
The materials used for this study were AISI 1018 carbon steel and AISI 316L austenitic 
stainless steel. The typical chemical compositions of AISI 1018 and AISI 316L steels are shown 
in the Tables 3.1 and 3.2, respectively. Cylindrical specimens, measuring 9.5 mm in diameter 
and 10 mm long, were cut from the as-received alloys for surface roughness measurement, 
surface hardness measurement, corrosion tests and metallographic analysis (see Fig. 3.1(a)). 
Discs measuring 31.75 mm in diameter and 5 mm thick were also cut from the as-received 
steels for sliding wear tests (see Fig. 3.1(b)). AISI 1018 steel 90 elbows purchased from APEX 
Distribution Inc. (Calgary, AB, Canada) were used for erosion-corrosion tests (Fig. 3.1c). 
 
Table 3.1. Chemical composition of AISI 1018 steel (in wt.%).  
Element Mn C S P Fe 
Amount 0.60 – 0.90 0.15 – 0.20 0.05 (max) 0.04 (max) Bal. 
 
Table 3.2. Chemical composition of AISI 316L steel (in wt.%).  
Element C Mn Si P S Cr Mo Ni N Fe 
Amount 0.03 2.00 0.75 0.045 0.03 16-18 2-3 10-14 0.10 Bal. 
 
The Ekabor2 boronizing powder used for surface treatment of the investigated steels was 
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supplied by Avion Manufacturing Company Inc. (Brunswick, OH, US). The chemical 
composition of the powder is provided Table 3.3. The slurry used for erosion-corrosion test 
consisted of silica sand particles and untreated raw potash. The silica particles were obtained 
from Brock White, Saskatoon, while the untreated raw potash was supplied by Nutrien™, 
Saskatoon. The chemical compositions of silica sand particles and raw potash are provided 
Tables 3.4 and 3.5, respectively. 
 
 
Figure 3.1. (a) Cylindrical, (b) disc and (c) 90 elbow samples used in this study. 
 
Table 3.3. Chemical composition of Ekabor2 boronizing powder (in wt.%). 
 
Compound 
Potassium boron 
fluoride, KBF4 
Boron carbide, 
B4C 
Silicon carbide, 
SiC 
Amount 5 5 90 
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Table 3.4. Chemical composition of the silica sand particles used for erosion corrosion test. 
 
Compound SiO2 Al2O3 Fe CaO MgO Na2O TiO2 
Amount (wt.%) 
93.2 – 
93.6 
3.60 – 
4.60 
0.30 – 
0.35 
0.25 – 
0.65 
0.08 – 
0.15 
0.75 – 
0.85 
0.1 
max 
 
Table 3.5. Chemical composition of the untreated raw potash used in the erosion corrosion test. 
 
Compound 
Potassium chloride, 
KCl 
Sodium chloride, 
NaCl 
Insolubles 
Amount (wt.%) 95.6 3.2 1.2 
 
3.2 Boronizing Treatment 
 
Fig. 3.2 shows the setup that was designed and constructed for boronizing heat treatment of 
samples. It consists of a box furnace, an argon gas cylinder and a flowmeter. The argon gas 
cylinder is connected to a Thermo Scientific™ (Waltham, MA, US) BlueM box furnace 
(BF51732C-1 1200 ℃) via the PG-1000 Series Acrylic flowmeter provided by Matheson Tri-
Gas, Inc. (Montgomeryville, PA, US) and tubing. The furnace provided the high temperature 
for boronizing treatment, while the argon provided an inert atmosphere to prevent oxidation of 
the test metal during boronizing. The argon flow rate during the initial purging of the furnace 
was set at 10 standard cubic feet per hour (SCFH) and reduced to 3 SCFH during boronizing 
heat treatment. The initial purge lasted for 20 min. 
 
Before boronizing, the top and bottom surfaces specimens used for hardness and wear tests 
were ground with silicon carbide papers (180 grit, 320 grit, 500 grit and 800 grit size) and fine 
polished with colloidal diamond of 9 μm, 3 μm, and 1 μm, in that sequence. The surfaces were 
subsequently cleaned in acetone using an ultrasonic cleaner and then dried using a hair dryer. 
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To optimize the process parameters for the boronizing treatment for AISI 1018 and AISI 316L 
steels, different temperatures and heat treatment time were used initially. The boronizing 
temperatures used were 850 °C, 900 °C and 950 °C, while the boronizing times were 4 h, 6 h 
and 8 h. Once the optimum processing parameters (temperature and time) for the boronizing 
treatment were determined for each steel. These optimum processing parameters were used for 
subsequent boronizing treatment of samples used for electrochemical corrosion, wear and 
erosion corrosion tests. The AISI 1018 elbows were sand-blasted to remove the surface paint 
and mill scale from the surface and then a stainless steel foil was used to cover the outside 
surfaces to prevent them from being boronized (see Fig.3.3). This made it easier to cut the 
boronized elbows after erosion-corrosion test. Dimensional changes of the cylindrical and disc 
samples before and after boronizing were measured using a Vernier caliper. 
 
Figure 3.2. Schematic diagram of boronizing treatment setup. 
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Figure 3.3. A typical AISI 1018 90 elbow sample covered by stainless steel foil. 
 
3.3 Surface Morphology and Dimension Change 
 
A NANOVEA (Irvine, CA, US) PS 50 optical profilometer located in Room 0D16 of 
Engineering Building was used to study the surface topography of the investigated steel 
samples. Figure 3.4 shows a picture of the optical profilometer. Surface roughness is one of the 
important factors influencing the wear and corrosion behavior of metals. For this reason, the 
surface roughness of the samples before and after boronizing were conducted to determine 
whether there was any significant change in surface roughness to influence the measured 
resistance of the steels to wear, electrochemical corrosion and erosion-corrosion.  
30 
 
 
Figure 3.4. Photograph of NANOVEA PS 50 profilometer used in this research. 
 
3.4 Microstructural Analysis 
 
The microstructures of the untreated samples and boronized samples were characterized using 
optical microscope and scanning electron microscope (SEM). X-ray diffraction (XRD) was 
conducted on boronized samples to determine their phase composition. Samples used for wear, 
corrosion and erosion-corrosion tests were also examined using SEM after the tests to 
determine the damage mechanisms during wear and erosion tests. 
 
Samples for optical microscopic investigations were cut and cold mounted before grinding, 
polishing and etching. After cold mounting, specimens were ground with silicon carbide papers 
(180 grit, 320 grit, 500 grit and 800 grit size) and fine polished with colloidal diamond of 9 μm, 
3 μm, and 1 μm, in that sequence. The surfaces were subsequently cleaned in acetone using an 
ultrasonic cleaner and then dried using a hair dryer. The etchant used for AISI 1018 was 2% 
Nital solution (contains 2 vol.% nitric acid and 98 vol.% ethanol). The composition of the 
etchant used for the AISI 316L alloy is presented in Table 3.6. Samples were immersed in the 
etchants for 30 s. The optical microscope was used to establish the presence of boride layers in 
31 
 
boronized samples. The thicknesses of boride layers after the boronizing heat treatments under 
different boronizing conditions were measured from the optical micrographs using an image 
analysis software. The optical microscope used was a Nikon (Shinagawa, Tokyo, Japan) 
Eclipse MA100 inverted metallographic microscope equipped with PAXcamTM 3 Camera (see 
Fig. 3.5). Measurement of boride layers was conducted on micrographs taken at a 
magnification of X500 for AISI carbon 1018 steel and a magnification of X1000 for the AISI 
316L stainless steel by using the ‘measure’ function in PAX-it software. The reported thickness 
values are the average distances between the surface of sample and the tips of boride layers. 
 
Table 3.6. Chemical composition of the etchant used for AISI 316L steel. 
Chemical FeCl3 CuCl2 Ethanol Hydrochloric acid    Nitric acid    
Amount 4.2 g 1.2 g 61 mL 61 mL 3 mL 
 
 
Figure 3.5. Photograph of the inverted optical microscope used in this study. 
The surfaces of as-received (reference) and boronized samples used for wear and 
electrochemical corrosion tests were examined before and after each test using a JEOL 
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(Akishima,Tokyo, Japan) JSM-6010LV scanning electron microscope (SEM) located in Room 
2C25 (see Fig 3.6). All the samples were cleaned using acetone and dried using hot air.  
 
 
Figure 3.6. JEOL JSM 5900LV scanning electron microscope. 
X-Ray Diffraction (XRD) analyses were performed using a Rigaku (Akishima-shi, Tokyo, 
Japan) Ultima IV X-Ray diffractometer (see Figure 3.7) at the Saskatchewan Structural Science 
Center (SSSC). A Cu Kα (λ = 1. 5406 Å) X-Ray source was used to study the composition of 
the boride layers obtained under different boronizing conditions. The scan angle varied from 
2 = 5o to 2 = 100o with a step size of 0.02° 2. Each step took 1 s. The Jade software program 
obtained from Materials Data Inc. (Livermore, CA, US) was used to analyze/identify the phases 
present. By comparing the differences in the phase composition of the boride layers obtained 
for different processing conditions, the mechanism of boronizing and the optimal condition for 
boronizing were determined. 
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Figure 3.7. Rigaku Ultima IV X-Ray diffractometer. 
 
3.5 Microhardness Test 
 
Vickers microhardness measurements were carried out on the as-received and boronized 
samples using a Mitutoyo (Kawasaki, Kanagawa, Japan) MVK-H1 microhardness tester (see 
Fig. 3.8). According to ASTM E92-17, the samples were subjected to a load of 1000 gf (1 kg) 
for 10 s. Any indent without a good diamond shape was ignored. After 10 s, the lengths of the 
resulting diagonals (d1 and d2) were obtained and used to calculate the surface hardness value 
by using the formula:  
𝐻𝑉 = 1854.4 ×
𝐹
𝑑2
                           (3.1) 
where 𝑑 = 0.5 × (𝑑1 + 𝑑2). The unit of F is gf and the unit of d is µm. The hardness values 
reported in this study are the averages of 18 hardness measurements taken from the both sides 
of two cylinder samples.  
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Figure 3.8. Mitutoyo microhardness testing machine. 
 
3.6 Statistical Analysis 
 
Multiple linear regression model was used to determine the effects of boronizing temperature 
and boronizing duration on the boride layer thickness and surface hardness. Boride layer 
thickness and surface hardness are two dependent variables while boronizing duration and 
temperature are two independent variables. This analysis was performed using IBM SPSS 
Statistics 25 software with backward elimination method. Since boride layer thickness strongly 
depends on diffusion process which can be described by Fick’s first law, the simulation model 
and statistical analysis would be explained in Chapter 4. As for surface hardness analysis, 
which has no relationship with diffusion, the following model was used to establish the 
relationship between boronizing parameters and surface hardness after boronizing: 
𝐻𝑉 = 𝑎 + 𝑏𝑡 + 𝑐𝑇 + 𝑑𝑡2 + 𝑒𝑇2 + 𝑓𝑡𝑇 + 𝜀       (3.2) 
where HV = Vicker’s hardness, t boronizing time (s), T = temperature (K) and a, b, c, d, e, and 
f = unknown parameters, and  = error term. 
35 
 
Equation 3.2 is a complete regression equation containing all the variables and would be 
transformed into a reduced model using the backward elimination method [65]. The variables 
are checked one at a time and the least significant is dropped from the model at each stage. The 
procedure is terminated when all of the variables remaining in the equation provide a 
significant contribution to the prediction of the dependent variable (surface hardness). The F 
test was used to test if the regression coefficients of the predictor variables were all zero. The t 
test was used to test if the remaining regression coefficient were significant or not. A partial F-
test was computed for each of the independent variables still in the equation to determine 
whether to accept or remove that variable. 
 
3.7 Wear Test 
 
The dry wear resistance of as-received and boronized specimens of AISI 1018 and AISI 316L 
steels were evaluated using a CETR (Billerica, MA, US) Multi-Specimen Test System (UMT-
2). A photograph of this equipment, which is a ball-on-disk test system setup, is provided in 
Fig 4. The test specimen was a disk measuring 1.25 inches (31.75 mm) in diameter and 5 mm 
thick. A ball-on-disk test configuration was used with a 5/16 inch (8 mm) diameter AISI 440C 
stainless steel ball sourced from McMASTER CARR (Princeton, NJ, US). A linear 
reciprocating motion was used, with the displacement length maintained at a constant value of 
10 mm. Each test lasted for 1hour while the wear speed was set to 50 mm/s. Three different 
loads (10 N, 20 N, 30 N) were used and all tests were performed in dry condition at room 
temperature (~ 23 C) and a relative humidity of 85%. The initial contact stress between the 
ball and the disk at each applied load was estimated by using equations (3.3) and (3.4) [66]. 
The pertinent properties of the ball and test materials are presented in Table 3.7, while the 
estimated stresses are summarized in Table 3.8.  
1
𝐸∗
=
1
2
(
1−𝑣1
2
𝐸1
+
1−𝑣2
2
𝐸2
)                          (3.3) 
(𝜎𝑐)𝑚𝑎𝑥 = 0.4(
𝐸∗
2
𝑅2
)
1
3                          (3.4) 
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where E1 and E2 are the elastic moduli of the test sample and counterface, respectively; v1 and 
v2 are the Poisson’s ratios of the sample and counterface, respectively; and R is the radius of 
the counterface (m). 
 
Table 3.7. Values of elastic modulus, Poisson’s ratio and radius of test sample and wear 
counterpart. 
Alloy 𝐸 (GPa) 𝑣 𝑅 (mm) 
AISI 1018 205 0.29  
AISI 316L 193 0.27  
AISI 440C 200 0.283 8 
 
Table 3.8. Hertzian contact stress under different conditions. 
Load 10 N 20 N 30 N 
AISI 1018 1770.9 MPa 2231.2 MPa 2554.1 MPa 
AISI 316L 1719 MPa 2165.9 MPa 2479.3 MPa 
 
The wear rate of the test samples was obtained using equation (3.5). 
Wear rate= 
volume loss
sliding distance
                     (3.5) 
 
The volume loss was measured using a NANOVEA PS 50 optical profilometer (see Fig. 3.9). 
The sliding distance was calculated as the product of wear speed (50 mm/s) and test duration 
(1 h = 3600 s) to be 180 m. 
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Figure 3.9. UMT Multi-specimen test system with a wear test setup. 
 
3.8 Electrochemical Corrosion Test 
 
The electrochemical corrosion tests were carried out G102 − 89 [67] using a Gamry Interface 
1000 Potentiostat/Galvanostat system (Gamry Instruments, Warminster, PA, US). The purpose 
of electrochemical corrosion tests was to determine the corrosion rate of samples and the effect 
of boronizing on the resistance of corrosion. 
 
The test solutions used were saturated potassium chloride solution and saturated raw potash 
solution. They were maintained at room temperature (~ 23 C) and a pH of approximately 7 
for all tests. Before each potentiodynamic scan, the open circuit potential (OCP) was 
determined after 1-h exposure to ensure stability and reduce fluctuations in potential. Then the 
potentiodynamic scanning was conducted between an initial potential of -0.2 V relative to the 
OCP and a final potential of 0.2 V relative to the OCP. The scan rate was 0.1667 mV per second. 
As cold mounting, grinding and polishing would remove the surface boride layer, a new design 
of electrochemical cell had was used. A sponge was used for absorbing test solution and 
providing corrosion environment for the test specimens. Before testing, the sponge was cleaned 
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with deionized water and dried using hot air. It was then allowed to absorb enough test solution 
with some extra test solution kept at the bottom of the vessel. A graphite electrode was used as 
the counter electrode while a saturated calomel electrode (SCE) was used as the reference 
electrode. The cylindrical specimens used were 9.5 mm in diameter and 10 mm long while the 
exposure area to sponge of each sample was 0.7088 cm2. A metal bar was used to ensure good 
contact between the surface of the sample and sponge. A conductive copper tape was used to 
connect the metal bar and the sample to avoid applying too much load that would make the 
edge of the sample to be pushed into the sponge. The detailed setup for corrosion test is 
presented in Fig.3.10. However, with several testing, the results were abnormal. The possible 
reason for it was the exposure areas were greater than expected and the infiltration phenomenon 
of electrolyte on the edge of samples extended the contact area and also promoted the 
generation of crevice corrosion. In addition, the rust attached on the sponge and greatly 
changed the corrosion environment. 
 
Figure 3.10. A schematic diagram of the corrosion test setup for potentiodynamic polarization 
scanning with sponge. 
A ParaCell™ Electrochemical Cell Kit (Gamry Instruments, Warminster, PA, US) was used to 
ascertain whether the sponge corrosion design worked well and produced reliable results. The 
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ParaCell™ Electrochemical Cell setup is presented in Fig. 3.11. A graphite rod was used as 
counter electrode, while the test sample served as the working electrode. State the size of 
sample used with the ParaCell device. An O-ring was used to prevent leaking on the electrode 
during the corrosion experiment. Before any corrosion test, a leak check was carried out after 
assembling. A small amount of dye was added to the distilled water that was used to fill the 
cell. After filling, the cell was placed on a white paper or towel and left for a while. A leak may 
not leave the paper or towels damp but will leave behind the color of the dye. A 1 cm2 sample 
mask was used on test samples to limit the exposure area during the corrosion and to reduce 
the effect of the crevice corrosion near the O-ring. A saturated calomel electrode (SCE) was 
used as the reference electrode in this design. A funnel was used for adding testing solution 
into the cell after assembling. 
 
Figure 3.11. The ParaCell™ Electrochemical Cell setup. 
Data analysis was carried out with the Gamry Echem Analyst and a Python program developed 
by Li [68] to determine corrosion parameters such as corrosion current density (icorr), 
polarization resistance (Rp), corrosion rate (CR) and Tafel constants (a and c). The corrosion 
rate was calculated from corrosion current density (icorr) using the formula:  
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𝑗 = 𝑗𝑜 × {𝑒𝑥𝑝 [
𝛼𝑎×𝑧×𝐹
𝑅×𝑇
(𝐸 − 𝐸𝑒𝑞)] − 𝑒𝑥𝑝 [−
𝛼𝑐×𝑧×𝐹
𝑅×𝑇
(𝐸 − 𝐸𝑒𝑞)]}    (3.6) 
where j = electrode current density (A/m2), jo = exchange current density (A/m2), E = electrode 
potential (V), Eeq = equilibrium potential (V), T = temperature (K), z = number of electrons 
involved in the electrode reaction, F = 96485.332 (C/mol), R = 8.314 (J/(K*mol)), αa = anodic 
charge transfer coefficient, αc = cathodic charge transfer coefficient 
 
𝑗𝑐𝑜𝑟𝑟 =
𝛽𝑎×𝛽𝑐
2.3×𝑅𝑝×(𝛽𝑎+𝛽𝑐)
                         (3.7) 
where jcorr = corrosion current density (A/cm2), Rp = the polarization resistance (Ω/cm2), βa = 
the anodic Tafel slope (V/decade), βc = the cathodic Tafel slope (V/decade) 
 
𝐶𝑅 = 𝐾1 ×
𝑗𝑐𝑜𝑟𝑟
𝜌×𝐴
× 𝐸𝑊                        (3.8) 
where CR = corrosion rate in mm per year, K1 = 3272 (mm/(A*cm*year)), jcorr = corrosion 
current density (μA/cm2), A = contact area (cm2), ρ = density (g/cm3), EW = equivalent 
weight. 
 
3.9 Erosion-corrosion Test 
 
The purpose of erosion-corrosion test is to determine the effect of boronizing on the resistance 
of carbon steel elbows to erosion-corrosion. A flow loop was used for erosion-corrosion testing. 
A schematic diagram of the flow loop is presented in Fig.3.12. It contained a Verderflex 
(Castleford, United Kingdom) Dura 55 peristaltic hose pump, 4 tested elbows in 4 corners, a 
Blacoh (Riverside, CA, US) pulsation dampener, a pressure gauge, a slurry tank, the other tank 
for calibration and a heat exchanger. The pump moves the slurry in certain flow velocity, the 
pulsation dampener keeps the flow velocity stable and reduce the shock of system. The heat 
exchanger keeps the temperature of slurry at 30±0.5 oC. Before starting the test, the flow loop 
was calibrated to determine the relationship between the flow velocity in the loop and the 
working frequency of the pump. The calibration was done with pure saturated potash slurry 
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without any sand. The data obtained are presented in Table 3.9.  
 
 
Figure 3.12. Erosion-corrosion loop setup for testing steel elbows. 
 
Table 3.9. Relationship between loop flow velocity and pump frequency. 
Flow velocity 
(m/s) 
Pump speed (Hz) 
0.5 11.0 
1.0 20.3 
1.5 29.7 
2.0 39.0 
2.5 48.4 
3.0 57.7 
3.5 67.1 
4.0 76.4 
4.5 85.7 
5.0 95.1 
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The slurry used in erosion-corrosion test was made up of saturated potash brine and silica sand 
of which the total weight was 28 kg for every test. As shown in Fig. 3.12, four elbows which 
were all boronized or untreated were installed at the four corners of the loop. Flow velocity and 
sand weight were two erosion-corrosion parameters varied in this study.  The experiments 
were divided into six groups (see Table 3.10). Two different flow velocities (2.5 m/s and 4 m/s) 
and three different sand concentrations (10 wt.%, 30 wt.% and 50 wt.%) were used and all tests 
were performed at 30 ± 0.50 C. The flow velocity of 2.5 m/s was chosen as the low flow 
velocity because it was close to the flow velocity used in potash mineral industry and also 
prevented recrystallization of potash in the loop. 4 m/s was chosen as the high flow velocity 
because the highest working frequency provided by peristaltic pump was 80 Hz and too high 
flow velocity would cause leaking and system shocking. To ensure the reproducibility of data, 
each test condition was repeated at least twice.  
 
Table 3.10. The erosion-corrosion test parameters. 
Flow velocity (m/s) Sand concentration (wt%) 
2.5   10 wt% 30 wt% 50 wt% 
4  10 wt% 30 wt% 50 wt% 
 
The erosion-corrosion rate was calculated by equation: 
𝑇 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑔)
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 × 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (ℎ)
                (3.9) 
where the total internal surface area of elbow used in experiments is 0.005 𝑚2. 
 
The average weight loss was the average of the weight difference between the initial weight of 
elbows and the final weight of elbows after testing of four elbows. The weight of elbows before 
and after testing was measured using an OHAUS (Parsippany, NJ, US) Adventurer® electronic 
weighing balance with an accuracy of ± 0.1mg. After erosion-corrosion testing, all the elbows 
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were uninstalled from the loop, immersed in diluted Detergent 8® cleaning solution obtained 
from ALCONOX Inc. (White Plains, NY, US) for 30 s and cleaned by soft brush to remove all 
the rust and sand particle attached on the internal and surface of elbows. Then the elbows were 
rinsed with acetone and dried using a Powerfist (Saskatoon, SK, CA) 8259210 heat gun. After 
obtaining the average weight loss for each test condition, the No. 4 elbow in each condition 
were taken to machine shop to cut and the internal wear surface was examined in the SEM and 
NANOVEA PS 50 optical profilometer. The reason for choosing No.4 elbow was that the 
weight loss data of that location was the most stable and received the least gravity effect. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
The data obtained from the experiment investigations described in Chapter 3 are presented, 
analyzed and discussed in this chapter, which contains three main parts. The first part focuses 
on the results of boronizing treatment of the two alloys investigated. The second part focuses 
on changes in physical and mechanical properties of the surfaces of the alloys as a result of 
boronizing treatment. The last part focuses on the changes in electrochemical corrosion 
properties, wear and erosion-corrosion resistance of the alloys due to boronizing heat treatment.  
 
4.1. Effect of Boronizing on Sample Dimension 
 
4.1.1. AISI 1018 steel 
 
Typical optical images of AISI 1018 steel samples before and after boronizing treatment at 900 
oC for 4 h are presented in Figure 4.1. The change in the diameter of AISI 1018 specimens 
boronized under different conditions are summarized in Table 4.1. As can be seen in Fig. 4.1, 
the surface of the steel became somewhat darker as a result of the boronizing treatment but 
there is no evidence of spalling. The data in Table 4.1 show that there is very little change in 
the diameter of specimens boronized at the test three temperatures (850 °C, 900 °C and 950 °C).  
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Figure 4.1. Picture of AISI 1018 samples: (a) as-received and (b) boronized at 900 ℃ for 4 h. 
 
Table 4.1. Change in diameter obtained for AISI 1018 samples after boronizing at different 
temperatures for various lengths of time. 
Group 
Before 
(mm) 
After (mm) Change (mm) 
% change in 
dimension  
850℃, 4h 9.504 9.530 0.026 0.27 % 
850℃, 6h 9.500 9.522 0.022 0.23 % 
850℃, 8h 9.500 9.540 0.04 0.42 % 
900℃, 4h 9.492 9.528 0.036 0.38 % 
900℃, 6h 9.494 9.522 0.028 0.29 % 
900℃, 8h 9.500 9.538 0.038 0.40 % 
950℃, 4h 9.500 9.532 0.032 0.34 % 
950℃, 6h 9.498 9.554 0.056 0.59 % 
950℃, 8h 9.490 9.546 0.056 0.59 % 
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4.1.2 AISI 316L steel 
 
Figure 4.2 shows optical images of AISI 316L samples before and after boronizing under 
different conditions, while Table 4.2 shows changes in diameter of AISI 316L samples due to 
boronizing. It can be seen from Fig. 4.2 that the color of the boronized samples changed (from 
the as-received silvery color to different shades of gray color after boronizing). A close look at 
Fig. 4.2 (c) and (d) shows evidence of peeling off or spalling of the boride layer. The peeling 
off may be attributed to the difference between the thermal expansion coefficients of FeB phase 
(23 x 10-6 K-1) and Fe2B phase (7.9 x 10-6 K-1) which caused substantial residual tensile stress 
at the interface between the boride phases (i.e. FeB/Fe2B interface) [37]. Table 4.2 shows that 
there is no significant dimensional change between as-received and boronized samples of AISI 
316L. 
 
 
Figure 4. 2. Photographs AISI 316L sample before and after boronizing treatment (a) as-
received, (b) boronized AIS at 900 ℃ for 4 h, (c) boronized at 950 ℃ for 4 h and (d) 
boronized at 950 ℃ for 8 h. 
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Table 4.2. Change in diameter obtained for AISI 316L samples after boronizing at different 
temperatures for various lengths of time. 
Group 
Before 
(mm) 
After (mm) Change (mm) 
% change in 
dimension 
850℃, 4h 9.506 9.518 0.012 0.13 % 
850℃, 6h 9.506 9.520 0.014 0.15 % 
850℃, 8h 9.510 9.522 0.012 0.13 % 
900℃, 4h 9.506 9.526 0.020 0.21 % 
900℃, 6h 9.504 9.530 0.026 0.27 % 
900℃, 8h 9.504 9.530 0.026 0.27 % 
950℃, 4h 9.504 9.538 0.034 0.36 % 
950℃, 6h 9.506 9.540 0.034 0.35 % 
950℃, 8h 9.506 9.460 -0.046 - 0.48 % 
 
4.2 Effect of Boronizing Parameters on Boride Layer Thickness 
 
4.2.1 AISI 1018 Steel 
 
The SEM micrograph of polished and etched surface of as-received AISI 1018 steel is shown 
in Fig.4.3(a), while SEM micrographs of AISI 1018 samples boronized under different 
boronizing conditions are shown in Fig.4.3(b) to Fig. 4.3(j). As can be seen in Fig. 4.3, the 
surface layers of boronized samples have different microstructures in terms of phases present 
and grain morphology when compared to the as-received. The boride layers exhibit a sawtooth-
like morphology. This can be attributed to the dependence of the mobility of boron atoms on 
the crystallographic direction in the anisotropic crystals of the boride layers. The growth of 
boride layer along the [002] crystallographic direction in both FeB and Fe2B phases is in more 
than the other directions and then the layers grows in one direction preferably and makes such 
kind of structure [69]. The Fe2B phase accounts for the majority of the boride layer with a saw–
tooth morphology interlocking with the steel substrate, which makes the removal of the Fe2B 
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sawtooth-shaped boride layer very difficult [61]. Additionally, it can be observed that with the 
change in boronizing temperature and boronizing duration, the layer thickness also changed. 
The average boride layer thickness data is shown in Fig.4.4. It can be observed that the boride 
layer became thicker with increase in boronizing temperature or boronizing time. This is 
expected since boronizing is a diffusion-controlled process that depends on temperature and 
time in accordance with Fick’s First Law. 
 
 
 
Figure 4.3. Typical optical micrographs obtained for etched surfaces of untreated and boronized 
samples of AISI 1018 steel: (a) as-received, (b) boronized at 850 ℃ for 4 h, (c) boronized at 
850 ℃ for 6 h, (d) boronized at 850℃ for 8 h (e) boronized at 900 ℃ for 4 h, (f) boronized at 
900 ℃ for 6 h, (g), boronized at 900℃ for 8 h, (h) boronized at 950 ℃ for 4 h, (i) boronized 
at 950 ℃ for 6 h and (j) boronized at 950 ℃ for 8h. 
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Figure 4.3 continued.  
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Figure 4.4. Average thickness of surface boride layer formed on AISI 1018 steel under 
different boronizing conditions. 
 
4.2.2 AISI 316L Steel 
 
The SEM micrographs of the etched surface of as-received AISI 316L steel is shown in Fig.4.5 
(a) while the optical micrographs of boronized samples under different boronizing conditions 
are presented in Fig.4.5 (b) to Fig.4.5 (j). As it can be seen in Fig.4.5, the boride layer also 
formed on the surface of the AISI 316L austenitic stainless steel specimens, but its 
microstructural morphology is different from the one observed in boride layer that formed on 
the surface of the boronized AISI 1018 steel. In boronized stainless steel samples, the interface 
between the substrate and boride layer is flat, unlike in AISI 1018 steel in which sawtooth-like 
morphology was observed. The difference is due to the presence of chromium in the stainless 
steel, which increased the hardness in the boride layer. The alloying elements act as a diffusion 
barrier for the boron atoms, thereby increasing the boron concentration at the surface of the 
sample and inducing the formation of the FeB phase in ferrous alloys. 
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Figure 4.5. Typical optical micrographs obtained for etched surfaces of as-received AISI 316L 
steel and boronized samples (a) as-received (b) boronized, 850℃,4h (c)boronized, 850℃,6h 
(d) boronized, 850℃,8h (e) boronized, 900℃,4h (f) boronized, 900℃, 6h (g) boronized, 
900℃,8h (h) boronized, 950℃,4h (i) boronized, 950℃, 6h (j) boronized, 950℃, 8h. 
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Figure 4.5 continued.  
 
Whereas only one layer is observed in the optical micrograph of the boride surface layer of the 
AISI 1018 steel, two layers with different colors were observed on the boride layers of the 
boronized AISI 316L stainless steel. Some cracks were presented in the boride layers of the 
stainless steel boronized at 950 ℃. The images show some parts of the boride layer disappeared 
at some location, which affected the thickness of the boride layer. And the locations where 
crack always appeared were very close to the interface between two layers with different colors. 
Pala et al. [3] Goeuriot et al. [39] and Krelling [70] also reported the same phenomenon in their 
research investigations. 
 
The data for the average boride layer thickness is presented in Fig.4.6. It can be observed that 
the boride layer became thicker as the boronizing temperature and time were increased. As 
mentioned earlier, boronizing is a diffusion-controlled process that obeys Fick’s law of 
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diffusion. Thus, the thickness of the boride layer is expected to increase with an increase in 
boronizing temperature and time 
 
 
Figure 4.6. Average boride layer thickness obtained for AISI 316L steel under different 
boronizing conditions. 
 
4.2.3 AISI 1018 low carbon steel elbow 
 
The Fig.4.7 shows optical micrographs of cross-sections of AISI 1018 elbows taken at different 
locations. It can be seen that a boride layer formed on the surface of the steel elbow. So the 
effort to boronize the inner surfaces of AISI 1018 steel elbows was successful.  
 
Figure 4.7. Optical micrographs showing boronized layer at the internal surface of AISI 1018 
elbow (a) middle part (b) ending part. 
 
The average thicknesses the boronized surface layers on the surface of the elbows are compared 
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with those recorded for cylindrical samples are compared in Fig. 4.8. It was observed in Fig.4.7 
that the boride layer on the inner wall of the elbow has the same microstructure as that on the 
surface of the cylindrical specimens and the thickness of the boride layers are comparable. The 
small difference in layer thickness may be due to the surface roughness difference between 
elbow samples (surface finish using sandblasting) and cylindrical samples (finely polished 
surface).  
 
Figure 4.8. Average boride layer thickness obtained for AISI 1018 elbow and cylindrical steel 
specimens. 
4.3 Effect of Boronizing on the Hardness of AISI 1018 and AISI 316L Steels 
 
4.3.1 AISI 1018 low carbon steel 
 
Figure 4.9 shows the hardness of AISI 1018 steel samples boronized under different test 
conditions. Note here that HV1 (Y-axis) indicates that the Vickers hardness values were 
obtained using a 1 kg load. The hardness of the steel increased from 317 HV for the 
unboronized (as-received) sample up to 1834 HV for boronized specimens, which is roughly a 
600% improvement in hardness. The hardness obtained for the boronized specimens depended 
on boronizing temperature and time. In general, it decreased with increasing boronizing 
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temperature. Specimens boronized at 850 C for 4, 6 and 8 hours showed the highest hardness 
followed by those boronized at 900 C for the same lengths of time. Specimens boronized at 
950 C showed the lowest hardness. 
 
Figure 4.9. Vickers hardness of as-received and boronized AISI 1018 steel. 
 
The decrease in hardness with increase in boronizing time at 900 C and 950 C can be 
attributed to growth of the boride phases when the treatment was carried out for long duration 
(6 and 8 hours) at these temperatures. A similar observation was reported by Mohmmed for 
AISI 1018 steel [45], who attributed the reduction in microhardness to phase transformation 
and changes in the crystalline structure such as recrystallization, and grain growth. Also, Dong 
et al. also reported a similar trend in hardness variation with boronizing temperature and time 
in a steel containing 2 wt. % copper and 0.4 wt. % natural graphite with purity higher than 99 % 
[71]. 
 
4.3.2 AISI 316L stainless steel 
 
The hardness of as-received AISI 316L steel is compared with those of boronized specimens 
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in Fig.4.10. The hardness of the as-received specimen is approximately 336 HV, while those of 
boronized samples range between 1289 and 2340 HV depending on the boronizing condition 
(temperature and time). It can be observed from Fig.4.10 that the microhardness values of all 
boronized specimens are much higher than that of the as-received, the increase in hardness 
ranging from 283% to around 610%. When boronized at 850 °C, the microhardness of the 
boride layer increased as the boronizing time was increased from 4 h to 8h. When boronized at 
900 °C, the hardness of the boride layer increased as the boronizing time was increased from 4 
h to 6 h, but decreased as boronizing time increased to 8 h. When boronized at 950 °C, the 
hardness of the boride layer remained relatively unchanged as boronizing time increased from 
4 h to 6 h but reduced with further increase in boronizing time to 8h. For an exposure time of 
4 h, the hardness of AISI 316L increased as the temperature was increased from 850 C to 
950 °C. The observed decrease in hardness with an increase in exposure time (from 6h to 8h) 
and temperature (from 900℃ to 950℃) can be attributed to the peeling off problem mentioned 
previously in Section 4.1. The FeB phase has higher hardness than Fe2B phase. Since the FeB 
phase is the outer layer and the Fe2B phase is the inner layer, during peeling off the FeB phase 
was removed from the surface of the boronized samples leading to the observed decrease in 
surface microhardness value. 
 
Figure 4.10. Hardness obtained for as-received and boronized specimens of AISI 316L steel. 
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4.3.3 AISI 1018 steel elbow 
 
The microhardness data obtained for as-received, normalized and boronized AISI 1018 steel 
elbow samples are shown in Fig.4.11. The average hardness values obtained for the three 
samples are 180, 320 and 998 HV, respectively. Compared to the as-received and normalized 
samples, the boronized sample exhibited higher hardness, which confirms that boronizing 
improved the surface hardness of the elbows. It should be noted that the hardness values 
obtained for as-received and boronized elbows are lower than those of cylindrical AISI 1018 
samples reported in Section 4.2.1. This observation can be attributed to differences in chemical 
composition and prior thermomechanical history of the two materials.  
 
Figure 4.11. Hardness obtained for as-received, normalized and boronized AISI 1018 elbows. 
 
4.4 Topographical Evaluation of AISI 1018 Steel Surfaces 
 
The surface roughness of AISI 1018 samples before and after boronizing treatment were 
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measured using the optical profilometer described in Chapter 3 and the results are presented in 
Fig.4.12 and Table 4.3. The parameter Sa is equivalent to Ra, the arithmetical mean height of 
the mean surface irregularity. It expresses, as an absolute value, the difference in height of each 
point compared to the arithmetical mean of the surface. This parameter is used generally to 
evaluate surface roughness. The average Sa value of as-received (unboronized) AISI 1018 steel 
sample is 0.7955 m, while that of AISI 1018 sample boronized at 900 oC for 4 h is 1.3545 m. 
The error here is the standard deviation. It can be seen that the surface roughness of AISI 1018 
samples increased as a result of boronizing treatment. Krelling et al. [70] and Sahin [72] also 
reported an increase in the surface roughness of polished samples of AISI 1018 steel after a 
boronizing treatment.  
  
 
Figure 4.12. Surface roughness of (a) as-received AISI 1018 steel polished with colloidal 
diamond of 1 μm (b) AISI 1018 steel boronized at 900 °C for 4 h polished with colloidal 
diamond of 1 μm (c) as-received AISI 1018 steel polished with 1200 grit paper (d) AISI 1018 
steel boronized at 900 °C for 4 h polished with 1200 grit paper. 
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Table 4.3. Values of surface roughness parameters obtained for AISI 1018 samples. 
 Sq (m) Ssk Sku Sp (m) Sv (m) Sz (m) Sa (m) 
AR (1 
μm) 
0.930 ± 
0.046 
0.029 ± 
0.036 
2.976 ± 
0.153 
20.388 ± 
2.104 
5.293 ± 
0.042 
25.680 ± 
2.146 
0.764 ± 
0.032 
B (1 μm) 
1.706 ± 
0.011 
0.038 ± 
0.004 
3.341 ± 
0.290 
10.772 ± 
0.565 
10.772 ± 
0.281 
21.543 ± 
0.284 
1.343 ± 
0.025 
AR 
(1200 
grit) 
5.20 + 
0.15 
0.033 ± 
0.02 
3.20 ± 
0.11 
49.80 ± 
2.55 
51.00 ± 
1.20 
100.80 ± 
1.35 
4.20 ± 
0.10 
B (1200 
grit) 
1.50 ± 
0.01 
0.30 ± 
0.01 
4.80 ± 
0.15 
11.00 ± 
1.80 
15.60 ± 
0.55 
26.60 ± 
1.25 
1.10 ± 
0.07 
AR = As-received and B = Boronized 
 
The increase in the roughness obtained after boronizing is attributed to the formation of Fe2B 
crystals with different orientations on the surface of the steel sample [9]. Formation of Fe2B 
also causes a volume change, which may not be uniform across the steel surface thereby leading 
to contortion of the surface.  
 
However, the decrease was observed in the samples with rough surface after boronizing (only 
grinded with 1200 gits sandpaper), the surface morphology obtained is shown in Fig.4.12 (c) 
and Fig.4.12 (d). Krelling et al. [73] also noticed the similar result in boronized AISI 1020 steel. 
This phenomenon can be attributed to the fact that the reaction of iron with boron to form Fe2B 
causes a volume change, leading to the formation crystals with different orientations and the 
Fe2B crystals filled in the valleys on the surface generated during grinding. 
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4.5 XRD Analysis of Boronized Samples 
 
4.5.1 AISI 1018 steel 
 
X-ray diffraction (XRD) patterns obtained for as-received and boronized samples of AISI 1018 
steel are shown in Figs. 4.13 to 4.16. It can be seen from Fig. 4.14 that FeB and Fe2B phases 
are present in the boride layer of samples boronized at 850 ℃ for 4 h. For the other boronizing 
conditions, especially at longer boronizing time or higher temperature, the boride layer consists 
only of the Fe2B phase. Mejía-Caballero [47] and Pallegar [74] reported similar results for 
boronized AISI 1018 plain carbon steel. The possible reason for the difference in chemical 
composition under different conditions is that carbon does a negative influence on the diffusion 
of boron atoms. Carbon is not soluble in the iron boride layer, and would be pushed from the 
surface into the substrate to form the transition zone [32]. With higher temperature and 
boronizing time, the boron atoms have higher energy to push all carbon into substrate and no 
more FeB phase would appear with sufficient boron to supply. 
 
Figure 4.13. XRD pattern obtained for as-received AISI 1018. 
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Figure 4.14. XRD pattern obtained for AISI 1018 boronized sample (850 ℃, 4h). 
 
Figure 4.15. XRD pattern obtained for AISI 1018 boronized sample (850 ℃, 8h). 
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Figure 4.16. XRD pattern obtained for AISI 1018 boronized sample (950 ℃, 4h). 
 
4.5.2 AISI 316L steel 
 
X-ray diffraction (XRD) patterns obtained for as-received and boronized AISI 316L steel 
samples are shown in Fig.4.17 and Fig 4.18, respectively. Unlike what was observed for AISI 
1018 steel, the XRD patterns obtained for AISI 316L under different boronizing conditions 
showed the presence of borides other than iron borides (FeB and Fe2B). The two principal 
alloying elements in AISI 316L stainless steel, Cr and Ni, reacted with boron to form additional 
borides such as CrB, Cr2B, NiB, Ni2B and Ni3B. Chromium can modify the structure and the 
properties of boride layer. The solubility of chromium in the Fe2B phase causes the replacement 
of iron by chromium to form (Fe, Cr) B and (Fe, Cr) 2B on the surface. The diffusion of Cr and 
Ni leads to a decrease in the thickness of the boride layer but increases the smoothness of boride 
layer/substrate interface. The presence of chromium also promotes the formation of FeB phase, 
onto the Fe2B phase. [35] 
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Figure 4.17. XRD pattern obtained for as-received AISI 316 steel.  
 
Figure 4.18. XRD patterns obtained for samples of AISI 316 steel boronized under different 
condition. 
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4.6 Statistical Analysis 
 
4.6.1 Development of models for boride layer thickness and hardness of AISI 1018 steel. 
 
Boronizing is a diffusion-controlled process which obeys Fick’s Law. So, the thickness growth 
can be simulated based on the Fick’s first law and Arrhenius equation: 
𝐷 = 𝐾√𝑡 . . . . . . . . . (4.1) 
𝐾 = 𝐴 𝑒𝑥𝑝
−𝑄
𝑅𝑇
   . . . . . . . . (4.2) 
where D = the thickness of layer (m), t = boronizing time (s), K = growth rate constant (m/s-
0.5), A = pre-exponential constant (m/s-0.5), Q = the activation energy of boron diffusion (J/mol), 
T = boronizing temperature (K) 
Substitute for K in equation (4.1) to get a new equation: 
𝐷 = 𝐴 𝑒𝑥𝑝
−𝑄
𝑅𝑇
√𝑡 . . . . . . . . (4.3) 
With some log transformation, equation (4.3) becomes 
𝑙𝑛(𝐷) = 𝑙𝑛(𝐴) +
−𝑄
𝑅𝑇
+ 0.5𝑙𝑛(𝑡) . .. . . . . (4.4) 
Rearranging terms yields 
[𝑙𝑛(𝐷) − 0.5 𝑙𝑛(𝑡)] = 𝑙𝑛(𝐴) +
−𝑄
𝑅
1
𝑇
= 𝑎 + 𝑏
1
𝑇
+ 𝜀  . . . . . (4.5) 
where 𝜀= error 
After inputting the experimental data obtained for D, t and T into equation (4.5) and 
applying ”Backward Elimination” method [75], the values of the parameters in equation (4.5) 
were obtained and are presented in Table 4.4. Substituting for a and b, equation (4.5) now 
becomes  
𝑙𝑛(𝐷) = −6.364 −
8983
𝑇
+ 0.5𝑙𝑛(𝑡). . . . . (4.6) 
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Table 4.4 also shows the adjusted R squared of equation (4.6) to be equal to 0.95. This is an 
indication of a very good fitness for the model. The analysis of variance (ANOVA) data 
presented in Table 4.5 also shows that the p value is 0, which indicates that the effect of 
boronizing time and temperature on boride layer thickness is significant. 
 
Table 4.4. Values of parameters obtained for the model of AISI 1018 boride layer thickness.  
Parameters 
Unstandardized 
B 
Coefficients 
Std. Error 
Standardized 
Coefficients 
Beta 
t 
Sig. (p-
value) 
Constant -6.364 0.618 - -10.302 0.000 
1/T -8983.125 723.414 -0.978 -12.418 0.000 
Model R R2 Adjusted R2 
Std. Error of the 
Estimate 
 0.978 0.957 0.950 0.0645 
 
Table 4.5. Analysis of variance of the effect of boronizing time and temperature on the boride 
layer thickness of AISI 1018. 
Model 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Sig. (p-
value) 
Regression 0.642 1 0.642 154.199 0.000 
Residual 0.029 7 0.004   
Total 0.671 8    
 
The following model was used for fitting the hardness data obtained for boronized AISI 1018 
steel specimens: 
𝐻𝑉 = 𝑎 + 𝑏𝑡 + 𝑐𝑇 + 𝑑𝑡2 + 𝑒𝑇2 + 𝑓𝑡𝑇 + 𝜀 . . . . (4.7) 
where HV = Vickers hardness, t = boronizing time (s), and T = boronizing temperature (K). 
After inputting the experimental data HV, t and T into equation (4.7) and applying ”Backward 
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Elimination” method [75], the values of parameters in the equation (4.7) were determined and 
are presented in Table 4.6. Hence, equation (4.7) can be rewritten as: 
𝐻𝑉 = −132899.1 + 0.471𝑡 + 229.8𝑇 − 0.098𝑇2 − 0.000412𝑡𝑇 . . (4.8) 
Since the p value of t2 is 0.659 in the first round of backward elimination method, which is 
higher than 0.1, the independent variable t2 was treated as insignificant and eliminated from 
the equation (4.7). The p values of the parameters shown in Table 4.6 are smaller than 0.1, 
thereby indicating that the effects of temperature, boronizing time, the square of boronizing 
time and the interaction between boronizing time and temperature on the boride layer hardness 
are significant. 
 
Table 4.6 also shows the adjusted R squared of equation (4.8) to be equal to 0.916, which 
indicates a good fit of the model to the experimental data. The ANOVA data presented in Table 
4.7 also shows that the p value is 0.005, which indicates that the effect of boronizing time and 
temperature on the boride layer hardness is significant. 
 
Table 4.6. Values of parameters in the model for boride layer hardness of AISI 1018. 
Parameters 
Unstandardized 
B 
Coefficients 
Std. Error 
Standardized 
Coefficients 
Beta 
T 
Sig. (p- 
value) 
Constant -132899.079 49377.553 - -2.691 0.055 
T (K) 229.762 84.005 22.824 2.735 0.052 
t (s) 0.471 0.206 6.745 2.287 0.084 
T2 -0.098 0.036 -22.831 -2.739 0.052 
T x t -0.000412 0.000 -6.978 -2.347 0.079 
Model R R2 Adjusted R2 
Std. Error of the 
Estimate 
 0.979 0.958 0.916 126.444 
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Table 4.7. Analysis of variance on the effect of boronizing time and temperature on the boride 
layer hardness for AISI 1018. 
Model 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Sig. (p-
value) 
Regression 1456070.224 4 364017.556 22.768 0.005 
Residual 63952.474 4 15988.119   
Total 1520022.699 8    
 
4.6.2 Development of models for boride layer thickness and hardness of AISI 316L steel. 
 
Equations (4.5) and (4.7) were also applied to experimental data obtained for AISI 316L 
stainless steel to obtain models for its boride layer thickness and hardness, respectively. 
However, due to the strong peeling off phenomenon observed with AISI 316L samples 
boronized at 950 ℃, their thickness and hardness data were not used in the present analysis. 
The boride layer thickness model obtained for AISI 316L steel is given in equation (4.9) and 
the values of fit parameters are shown in Table 4.8. 
𝑙𝑛(𝐷) = −7.874 −
9073.1
𝑇
+ 0.5𝑙𝑛(𝑡)  . . . . . . (4.9) 
 
Table 4.8 shows the adjusted R squared of equation (4.9) to be equal to 0.865, which is an 
indication of a good fit for the model. The ANOVA data presented in Table 4.9 also shows that 
the p value is 0, which indicates the effect of boronizing time and temperature on the boride 
layer thickness is significant. 
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Table 4.8. Values of fit parameters obtained for the model of AISI 316L boride layer 
thickness. 
Parameters 
Unstandardized 
B 
Coefficients 
Std. Error 
Standardized 
Coefficients 
Beta 
t 
Sig. (p-
value) 
Constant -7.874 1.074 - -7.332 0.000 
1/T -9073.056 1257.482 -0.939 -7.215 0.000 
Model R R2 Adjusted R2 
Std. Error of the 
Estimate 
 0.939 0.881 0.865 0.112 
 
Table 4.9. Analysis of variance on the effect of boronizing time and temperature on boride 
layer thickness for AISI 316L. 
Model 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Sig. (p-
value) 
Regression 0.655 1 0.655 52.060 0.000 
Residual 0.088 7 0.013   
Total 0.743 8    
 
The boride layer hardness model obtained for AISI 316L steel is given in equation (4.10) and 
the values of fit parameters are shown in Table 4.10. 
𝐻𝑉 = −24402.874 + 0.869𝑡 + 22.217𝑇 − 0.001𝑡𝑇 .  .  . (4.10) 
Since the p value of t2 term of equation (4.7) is 0.458 and that of T2 is 0.477 in the first and 
second round of backward elimination method which is high than 0.1, these two independent 
variables were treated as insignificant and eliminated from the equation (4.10). The p values of 
the parameters shown in Table 4.10 are smaller than 0.1, thereby indicating that the effects of 
temperature, boronizing time and the interaction between boronizing time and temperature on 
the boride layer hardness are significant. 
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Table 4.10 shows the adjusted R squared of equation (4.10) to be equal to 0.804, which 
indicates a good fit of the model to the experimental data. The ANOVA data presented in Table 
4.11 also showed that the p value is 0.010, which indicates that the effect of boronizing time 
and temperature on the boride layer hardness is significant. 
 
Table 4.10. Values of parameters in the model for boride layer hardness of AISI 316L steel. 
Parameters 
Unstandardized 
B 
Coefficients 
Std. Error 
Standardized 
Coefficients 
Beta 
t 
Sig. (p-
value) 
Constant -24402.874 6040.176 - -4.040 0.010 
t (s) 0.869 0.270 14.475 3.219 0.023 
T x t -0.001 0.000 -14.344 -3.164 0.025 
T (K) 22.217 5.146 2.571 4.318 0.08 
Model R R2 Adjusted R2 
Std. Error of the 
Estimate 
 0.937 0.878 0.804 165.499 
 
Table 4.11. Analysis of variance on the effect of boronizing time and temperature on the 
boride layer hardness for AISI 316L 
Model 
Sum of 
Squares 
Df 
Mean 
Square 
F Sig. (p-value) 
Regression 982899.969 3 327633.323 11.962 0.010 
Residual 136949.279 5 27389.856   
Total 1119849.247 8    
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4.6.3 Optimization of Parameters for AISI 1018 and AISI 316L 
 
The models obtained from previous sections are summarized as follows: 
AISI 1018 Steel: 
 
Thickness: 𝑙𝑛(𝐷) = −6.364 −
8983.125
𝑇
+ 0.5𝑙𝑛(𝑡)  . . . . . . . (4.6) 
 
Hardness:𝐻𝑉 = −132899.079 + 0.417𝑡 + 229.762𝑇 − 0.098𝑇2 − 0.000412𝑡𝑇 . (4.8) 
 
AISI 316L Steel: 
Thickness:𝑙𝑛(𝐷) = −7.874 −
9073.056
𝑇
+ 0.5 ∗ 𝑙𝑛(𝑡)  . . . . . . . (4.9) 
 
Hardness: 𝐻𝑉 = −24402.874 + 0.869 ∗ 𝑡 + 22.217 ∗ 𝑇 − 0.001 ∗ 𝑡 ∗ 𝑇  .  (4.10) 
 
To ensure better corrosion resistance and wear resistance, high surface hardness and large 
boride layer thickness are needed. The boronizing time ranged from 4 h to 8 h and the 
temperature ranged from 850 ℃ to 950 ℃ for AISI 1018 steel. Increasing boronizing time or 
boronizing temperature leads to a thicker boride layer. Differentiating the equation for hardness 
(i.e. equation (4.8)) with respect to time and temperature, respectively, gives: 
 
𝑑(𝐻𝑉)
𝑑𝑡
= 0.417 − 0.000412𝑇  . . . . . . (4.11) 
 
𝑑(𝐻𝑉)
𝑑𝑇
= 229.762 − 0.196𝑇 − 0.000412𝑡 . . . . . (4.12) 
The values of 
𝑑(𝐻𝑉)
𝑑𝑡
 obtained for 850 oC (1123 K), 900 oC (1173 K) and 950 oC (1223 K) are 
-0.0457, -0.0663 and -0.0869, respectively. Since all the values are negative (i.e. below zero), 
it indicates that boride layer hardness will decrease with increase in boronizing time for a given 
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boronizing temperature. Since the boronizing time ranged from 4 h to 8 h and the temperature 
ranged from 850 oC to 950 oC, 
𝑑(𝐻𝑉)
𝑑𝑡
 is negative and  
𝑑(𝐻𝑉)
𝑑𝑇
 is positive initially and then 
becomes negative (shown in Table 4.12), it indicates that a lower boronizing tine at medium 
temperature can result in a higher surface hardness. 
 
Table 4.12. Calculated values of  
𝑑(𝐻𝑉)
𝑑𝑇
 under different boronizing conditions. 
 850 oC 900 oC 950 oC 
4 h 3.7212 -6.4708 -15.8788 
6 h 0.7548 -9.0452 -18.8452 
8 h -2.2116 -12.0116 -21.8116 
 
For AISI 316L steel, the boronizing time ranged from 4 h to 8 h and the temperature ranged 
from 850 ℃ to 900 ℃. Increasing boronizing time or boronizing temperature leads to thicker 
layer. The derivatives of hardness with respect to time and temperature, respectively, are: 
 
𝑑(𝐻𝑉)
𝑑𝑡
= 0.869 − 0.001 ∗ 𝑇 . . . . . . (4.13) 
 
𝑑(𝐻𝑉)
𝑑𝑇
= 22.217 − 0.001 ∗ 𝑡  . . . . . . (4.14) 
 
Within the range of temperature and time investigated in this study, the values of 
𝑑(𝐻𝑉)
𝑑𝑡
 
obtained for 850 oC (1123 K), 900 oC (1173 K) and 950 oC (1223 K) are -0.254, -0.304 and -
0.354, respectively, which indicates 
𝑑(𝐻𝑉)
𝑑𝑡
 is negative. 
𝑑(𝐻𝑉)
𝑑𝑇
 is positive when boronizing time 
is shorter than 6.171 h and then turns negative at longer times. It indicates with the decrease of 
boronizing time at high temperatures can lead to better hardness behavior. 
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From the analysis of equations of layer thickness and hardness both for AISI 1018 and AISI 
316L steels, boronizing treatment at 900 ℃ for 4 h was found to be the optimal boronizing 
condition for both steels. Fichtl [22] also reported that the maximum temperature advised for 
hard metals is around 900 ℃ (1173 K) and concluded that the combination of high temperatures 
with short treatment time should be preferred to low temperatures with long boronizing time. 
He et al. [58] suggested that a high temperature is essential for boronizing for two reasons: (1) 
the formation of vacancies in the matrix and (2) promotion of boron atoms to overcome the 
energy barrier for diffusion. Kiratli et al. [76] suggested the best boronizing conditions for 
steels are 900 – 1000 ℃ temperatures and 4 – 6 h of boronizing time for solid boronizing 
method. 
 
4.7 Effect of Boronizing on Dry Wear Properties of AISI 1018 and AISI 316L Steels 
 
4.7.1 AISI 1018 steel 
 
Figure 4.19 shows the friction coefficients obtained for as-received and boronized AISI 1018 
steel specimens which were tested using loads of 10, 20 and 30 N under dry sliding condition. 
The boronizing treatment was carried out at 900 C for 4 h. The coefficient of friction (COF) 
of as-received steel ranges from 0.743 to 1.153, while that of the boronized steel ranges from 
0.699 to 1.037. As can be seen from Fig.4.19, the coefficient of friction for both materials 
decreases with increasing test load. The boronized steel exhibits lower coefficient of friction 
than the non-boronized steel. The decrease in the value of COF with increasing load can be 
attributed to the formation of oxide layer on the surface which results from high temperature 
due to increase in applied load [7]. Krelling et. al. [73] suggested that increased embedment of 
abrasive particles in the contact region due to the high load led to the particles covering the 
surface of the wear track leading to a decrease in the COF of the investigated materials. As for 
the boronized samples, less abrasive particles were generated during wear so the reduction in 
COF with increasing load was lower compared with untreated one. 
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Figure 4.19. Coefficients of friction obtained for as-received and boronized samples of AISI 
1018 steel. 
 
The dry wear rates obtained for as-received and boronized specimens of AISI 1018 steel using 
different loads are compared in Fig 4.20. The wear rate of boronized specimens is much lower 
than that of as-received specimens under the same applied load. In order to determine the type 
of wear mechanisms, surfaces of the worn samples were examined using an optical 
profilometer and a scanning electron microscope (SEM). Fig 4.21 shows the surface 
topographies obtained for as-received and boronized sample using the profilometer. The wear 
trace on as-received sample is wider than that on boronized sample. The depth of the wear trace 
of the as-received sample is also larger (147.6 m) than that on boronized sample (69.477 m). 
There are two reasons for the decreased wear rate obtained for boronized samples: (1) high 
surface hardness and (2) lower friction between sample surface and wear counterpart.  
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Figure 4.20. Wear rates obtained for as-received and boronized samples of AISI 1018 steel 
under different test loads. 
 
 
Figure 4.21. Surface topography of the wear trace on (a) as-received and (b) boronized AISI 
1018. Test load = 10 N. 
 
Figure 4.22 shows the SEM images of worn surfaces of as-received and boronized samples of 
AISI 1018 after testing with a load of 10 N. It is clear that the wear scars are deeper and wider 
in the as-received sample compared with the boronized sample. A few plastically deformed 
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regions, spalls and some abrasive scouring can be observed on the worn surface of as-received 
sample. This suggests the dominant wear mechanism for untreated AISI 1018 steel is adhesive 
wear with slight abrasive wear. Microploughing can be observed on the worn surface of 
boronized samples at low load, which suggests that the main wear mechanism for boronized 
samples at low load is abrasive wear. Carrera-Espinoza et al. [77] reported that borided sample 
exhibited a higher wear resistance than the unborided sample. Atik et al. [53] found that AISI 
1010 steel and AISI 1040 steel had better wear strength after boronizing. Selçuk et al. [43] 
reported that the borided AISI 1020 steels were extremely resistant to sliding wear. 
 
Figure 4.22. SEM micrographs obtained for worn surfaces of (a) as-received AISI 1018, (b) 
boronized AISI 1018, (c) enlarged view of (a), and (d) enlarged view of (b). All tests were 
performed at room temperature using a 10 N load. 
 
Figure 4.23 shows the SEM images of worn surfaces of as-received and boronized samples of 
AISI 1018 steel tested using a load of 30 N. It can be seen that the wear scars are bigger than 
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those obtained using 10 N. At 30 N load, boronized sample still shows less severe wear damage 
compared with untreated sample. The wear mechanism at 30 N is still similar to that at 10 N 
for both as-received and boronized samples. 
 
Figure 4.23. SEM micrographs obtained for worn surfaces of (a) as-received AISI 1018, (b) 
boronized AISI 1018, (c) enlarged view of (a), and (d) enlarged view of (b). All tests were 
performed at room temperature using a 30 N load. 
 
4.7.2 AISI 316L steel 
 
Figure 4.24 shows the friction coefficients obtained for as-received and boronized AISI 316L 
steel specimens which were tested using loads of 10, 20 and 30 N under dry sliding wear 
condition. As in the case of AISI 1018, the boronizing treatment was carried out at 900 C for 
4 h. The coefficient of friction (COF) of as-received steel ranges from 0.658 to 1.054, while 
that of the boronized steel ranges from 0.647 to 0.916. As can be seen from the figure, the 
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coefficient of friction for both materials decreases with increasing test load. The boronized steel 
exhibits lower coefficients of friction than the non-boronized steel. The reason for the 
difference between COF of un-boronized and boronized samples of AISI 316L is similar to that 
for AISI 1018 steel. 
 
Figure 4.24. Coefficients of friction obtained for as-received and boronized samples of AISI 
316L steel. 
 
The variation in wear rate with test load of as-received and boronized specimens of AISI 316L 
steel is shown in Fig 4.25. For both boronized and unboronized specimens, wear rate increased 
with increasing test load. However, the wear rate of boronized specimens is much lower than 
that of as-received specimens at each test load. Hernández-Sánchez et. al. [2] and Li et. al. [57] 
got the same conclusion and reported that a lubricating film was generated during wear of AISI 
316L and H3BO3 was detected in the lubricating film. The boron-rich surface phase (FeB) is 
heated during sliding wear and boron reacts with oxygen to form boron oxide (B2O3) film on 
the exposed surface. This boron oxide film may react with the moisture in the environment to 
form a thin H3BO3 film which is considered as a solid lubricant.  
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Figure 4.26 shows the surface topographies obtained for worn as-received and boronized 
samples of AISI 316L steel using the optical profilometer mentioned previously. The wear trace 
on the as-received sample is wider than that on the boronized sample. The depth of the wear 
trace of the as-received sample is also larger (194.147 m) than that on the boronized sample 
(82.481 m). 
 
Figure 4.25. Wear rates obtained for as-received and boronized samples of AISI 316L steel 
using different test loads. 
 
Figure 4.26. Surface topography of the wear trace created on (a) as-received and (b) 
boronized AISI 316L steel. Test load = 10 N. 
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Figure 4.27 shows SEM micrographs obtained for worn surfaces of as-received and boronized 
samples of AISI 316L. The test load used was 10 N. It can be seen that the wear scars are deeper 
and wider in as-received samples than in boronized samples. The SEM images of as-received 
samples show typical characteristics of adhesive wear such as plastic deformation, some light 
spots indicating the presence of transferred materials, cracks and abrasion grooves. As for 
boronized samples, no crack, plastic deformation or wear debris is observed, only the presence 
of slight abrasive grooving is confirmed. The main wear mechanism of boronized AISI 316L 
is abrasive wear. 
 
Figure 4.27. SEM micrographs obtained for worn surfaces of (a) as-received AISI 316L, (b) 
boronized AISI 316L, (c) enlarged view of (a), and (d) enlarged view of (b). All tests were 
performed at room temperature using a 10 N load. 
 
Figure 4.28 shows the SEM images of worn surfaces of as-received and boronized samples of 
AISI 316L steel tested using a load of 30 N. At this load, more cracks and wear debris can be 
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observed on the worn surface of the as-received samples compared to when the wear test was 
conducted using 10 N (Fig. 4.27). The wear mechanism for the as-received samples is a 
combination of adhesive wear and abrasive wear. For the boronized samples, breach of the 
boride layer occurred when tested with a 30 N load. As can be seen from Fig. 4.28(d), the 
counterface ball wore through the boride layer into the substrate material. Evidence of the 
presence of wear debris can also be seen in Fig. 4.28(d). The breach of the boride layer at 30 
N load may be due to the fact that the FeB layer on the outer surface of boronized AISI 316L 
stainless steel is prone to peeling off. Although the load is only 30 N, the contact area between 
wear counterpart and samples is limited leading to high pressure indeed which is shown in 
Chapter 3.7.  
 
Figure 4.28. SEM micrographs obtained for worn surfaces of (a) as-received AISI 316L, (b) 
boronized AISI 316L, (c) enlarged view of (a), and (d) enlarged view of (b). All tests were 
performed at room temperature using a 30 N load. 
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4.8 Effect of Boronizing on Corrosion Properties of AISI 1018 and AISI 316L Steels 
 
4.8.1 AISI 1018 steel 
 
Figures 4.29 and 4.30 show respectively the potentiodynamic polarization plots obtained for 
boronized and unboronized (as-received) AISI 1018 steel specimens in saturated KCl and 
saturated raw potash solutions at room temperature. The polarization curves show that 
boronizing treatment caused the corrosion potential (Ecorr) of the as-received steel tested in both 
solutions to be shifted to a more noble corrosion potential. For example, the corrosion potential 
of the as-received AISI 1018 steel in saturated KCl shifted from -0.6473 VSCE to -0.5819 VSCE 
after boronizing at 900 C for 4 h. For samples tested in saturated raw potash solution, Ecorr of 
unboronized AISI steel shifted from -0.7249 VSCE to -0.6789 VSCE after boronizing. These 
results indicate that boronized samples are more corrosion resistant than the unboronized 
samples. 
 
Figure 4.29. Potentiodynamic polarization plots obtained for as-received and boronized 
samples of AISI 1018 steel in saturated KCl solution at room temperature. 
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Figure 4.30. Potentiodynamic polarization plots obtained for as-received and boronized 
samples of AISI 1018 steel in saturated raw potash solution at room temperature. 
 
The electrochemical corrosion parameters obtained for samples of as-received and boronized 
AISI 1018 steel in saturated KCl and saturated raw potash solutions are summarized in Table 
4.13, while Fig. 4.31 shows a plot of corrosion rates (CR) obtained for the samples in the two 
solutions. It is can be seen from Fig. 4.31 that boronized samples have lower corrosion rates 
than the as-received samples in both saturated KCl and raw potash solutions. Petrova et al. [40] 
reported that boronized AISI 1018 steel had better corrosion resistance than untreated sample 
in 5 wt.%, 10 wt.% and 15 wt.% hydrochloric solution. Tavakoli et al. [78] reported that the 
presence of iron boride layer effectively protected the surface of the samples from the effect of 
Cl- ions in 3 wt.% NaCl solution for AISI 1030 steel. Suwattananont et al. [23] found that 
boronizing AISI 1018 steel reduced the corrosion current density in deaerated 1N H2SO4 
solution. 
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Figure 4.31. Corrosion rates obtained for as-received and boronized AISI 1018 samples in 
different solutions at room temperature. 
 
Table 4.13. Electrochemical corrosion parameters obtained for as-received and boronized 
AISI 1018 steel in different solutions. 
Condition 
Ecorr 
(V) 
icorr 
(A/cm2) 
Rp 
(Ώ) 
βa (mV 
dec-1) 
βc (mV 
dec-1) 
CR 
(mm/year) 
As-received, 
KCl 
-0.647 8.17*10-6 3324.8 0.062 -0.805 9.40*10-2 
Boronized, 
KCl 
-0.582 4.27*10-6 6857.6 0.088 -0.262 4.91*10-2 
As-received, 
raw potash 
-0.725 1.79*10-5 1985.8 0.081 -1.522 2.05*10-1 
Boronized, raw 
potash 
-0.679 6.00*10-6 4932.6 0.092 -0.396 6.90*10-2 
 
SEM images of surfaces of as-received and boronized samples of AISI 1018 steel before and 
after potentiodynamic polarization test in saturated raw potash brine are presented in Fig. 4.32. 
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For the as-received samples, corrosion pits can be observed on the surface after corrosion test, 
while no corrosion pit is observed on the surface of the boronized sample after the polarization 
test. This shows that the boride layer in AISI 1018 steel works as an effective protective layer 
that improves corrosion resistance to corrosion. Suwattananont et al. [23] got the similar 
surface of boronized AISI 1018 after corrosion test. 
 
Figure 4.32. SEM images obtained for as-received and boronized samples of AISI 1018 steel 
before and after testing in saturated raw potash solution. (a) as-received AISI 1018 before 
testing, (b) as-received AISI 1018 after testing, (c) boronized AISI 1018 before testing and (d) 
boronized AISI 1018 after testing. 
 
4.8.2 AISI 316L stainless steel 
 
Figures 4.33 and 4.34 show respectively the potentiodynamic polarization plots obtained for 
as-received and boronized samples of AISI 316L steel in saturated KCl and saturated raw 
potash solutions at room temperature. It can be seen from the polarization curves that 
boronizing treatment did not have the same effect on the corrosion resistance of AISI 316L 
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steel as it did for AISI 1018 steel. The Ecorr of boronized sample (-0.4649 VSCE) shifted to less 
noble direction from the Ecorr of the as-received AISI steel (-0.2678 VSCE) in KCl solution. In 
saturated raw potash solution, corrosion potential changed from -0.1765 VSCE for as-received 
AISI 316L to -0.4767 VSCE for boronized AISI 316L steel. This is an indication that boronized 
samples of AISI 316L steel have a higher tendency to corrode in the two solutions than the as-
received samples.  
 
Figure 4.33. Potentiodynamic polarization plots obtained for as-received and boronized 
samples of AISI 316L steel in saturated KCl solution. 
 
Figure 4.34. Potentiodynamic polarization plots obtained for as-received and boronized 
samples of AISI 316L steel in saturated raw potash solution. 
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The electrochemical corrosion parameters obtained for samples of as-received and boronized 
AISI 316L steel in saturated KCl and saturated raw potash solutions are summarized in Table 
4.14, while Fig. 4.35 shows a plot of corrosion rates (CR) obtained for the samples in the two 
solutions. It is can be seen from Fig. 4.35 that boronized samples have higher corrosion rate 
than the as-received samples in both saturated KCl and raw potash solutions. The high 
corrosion rate observed in boronized samples indicates that boronizing is not a good method to 
enhance the corrosion properties AISI 316L austenitic stainless steel. Stainless steels derive 
their corrosion resistance from high chromium content. Chromium forms a tenacious 
chromium oxide (Cr2O3) layer on the surface of stainless steels, which protects them from 
corrosion attack. However, as shown in Section 4.4, during boronizing some of the alloying 
elements contained in AISI 316L such as Cr and Ni reacted with boron to form the 
corresponding borides such as CrB, Cr2B, NiB, Ni2B and Ni3B. This lowers the amount of 
chromium available in solid solution to keep the steel “stainless” in a corrosive environment. 
Besides, the boride layer in AISI 316L stainless steel has two iron boride phases (FeB and Fe2B) 
with different mechanical and physical properties. Although the boride layer is usually compact, 
it has some pits or pores on the surface. The FeB phase is also prone to spalling, thereby 
exposing the inner region of sample to the electrolyte. During the corrosion in both KCl and 
raw potash solutions, aggressive chloride ions penetrated the boride layer through these surface 
defects, causing the exposed areas to experience anodic dissolution extending laterally along 
the interface between the boride layer and the steel substrate. The boronized samples suffered 
from crevice corrosion and galvanic corrosion between FeB and Fe2B layer leading to higher 
corrosion rate [47][4][61]. 
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Figure 4.35. Corrosion rates obtained for as-received and boronized AISI 316L samples in 
different solutions at room temperature. 
 
Table 4.14. Electrochemical corrosion parameters obtained for as-received and boronized 
AISI 316L steel in different solutions at room temperature. 
Condition 
Ecorr 
(V) 
icorr 
(A/cm2) 
Rp 
(Ώ) 
βa (mV 
dec-1) 
βc (mV 
dec-1) 
CR 
(mm/year) 
As-received, 
KCl 
-0.268 2.25*10-8 1.01*106 0.217 -0.076 2.27*10-4 
Boronized, 
KCl 
-0.465 5.68*10-6 6.64*103 0.124 -0.301 5.72*10-2 
As-received, 
raw potash 
-0.177 1.06*10-8 2.35*106 0.238 -0.076 1.07*10-4 
Boronized, raw 
potash 
-0.477 5.93*10-6 3.66*103 0.084 -0.176 5.97*10-2 
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Figure 4.36 shows the SEM images obtained for untreated and boronized samples of AISI 316L 
steel before and after potentiodynamic polarization test in saturated raw potash solution. It can 
be seen from Fig. 4.36(b) that there is no corrosion pits or corrosion-induced defects on the 
surface of as-received sample after polarization test. For boronized sample (Fig. 4.36(d)), some 
craters appear on the surface after electrochemical corrosion test. The occurrence of surface 
defects like pits can lead to the pitting corrosion, crevice corrosion and galvanic corrosion 
which are the possible mechanism for worse corrosion resistance of boronized AISI 316L steel. 
Mejía-Caballero et al. [50] also reported the presence of pits and even some cracks on the 
surface of boronized AISI 316L steel after 10 days of immersion in simulated body fluid 
solution (SBFS). Kayali et al. [79] provided the similar SEM image of boronized AISI 316L 
sample after the 1 hour immersion in body fluid solution (SBFS). 
 
Figure 4.36. SEM images obtained for as-received and boronized samples of AISI 316L steel 
before and after potentiodynamic polarization in saturated raw potash solution. (a) as-received 
AISI 316L before testing, (b) as-received AISI 316L after testing, (c) boronized AISI 316L 
before testing and (d) boronized AISI 316L after testing.  
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4.9 Erosion-Corrosion of As-received and Boronized AISI 1018 Steel Elbows 
 
After 48-hour exposure to erosion-corrosion in saturated raw potash slurry containing sand 
particles, the weight loss of each elbow was determined. The erosion-corrosion rate (ER) was 
calculated using equation (4.15).  
𝐸𝑅 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎∗𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 . . . . . . . (4.15) 
 
The erosion-corrosion rates of the as-received and boronized AISI 1018 elbows are presented 
in Fig 4.37. It is seen that with the higher particle concentration or higher flow rate, the erosion 
rate increased both for as-received and boronized samples. The higher impact momentum of 
the particles on the internal surface of elbows at higher hydrodynamic intensity (velocity and 
particle concentration) is considered as the reason for this observation.  
 
Figure 4.37. Variation of erosion-corrosion rate of as-received and boronized AISI 1018 
elbows with flow velocity and solid concentration. 
It can be observed that boronized elbows have lower erosion-corrosion rate compared to the 
unboronized elbows at high sand particle concentration, but higher erosion-corrosion rate for 
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low sand concentration (10 wt%). To find a possible reason for this behaviour, pure erosion 
experiment was done for the test conditions 2.5 m/s, 10 wt% and 4 m/s, 10 wt%. The tank was 
sealed perfectly and nitrogen gas was introduced into the tank to purge the oxygen in the 
solution and reduce corrosion to a negligible level. The pure erosion rates obtained for these 
two conditions are shown in Fig 4.38.  
 
Figure 4.38. Variation of pure erosion rate of as-received and boronized AISI 1018 elbows 
with flow velocity and solid concentration. 
 
From Fig. 4.38, it is concluded that the boride layer on the internal surface of the elbows shows 
similar behavior as in the sliding wear test. It provided a remarkable improvement in resistance 
to erosive wear. A plausible reason for the observed low erosion-corrosion resistance at low 
particle concentration is the synergy effect between erosion and corrosion, which is the 
combination of the change in erosion contribution due to corrosion and the change in corrosion 
contribution due to erosion. Since the test samples were 90 ° elbows, most of the sand particles 
in the solution impacted the surface of the elbows at an angle ranging from 20o to 80o, which 
indicates the erosion damage is ductile erosion in which the elbow material is removed by 
either a cutting mechanism or an extrusion mechanism [80]. Particle flux could be introduced 
to explain the reason, which is the number of particles crossing an imaginary unit area from 
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one side, and it depends on the velocity and concentration of particles. Under high particle 
fluxes, the oxide film that usually forms on the surface of the elbow does not have enough time 
to form and provide protection to the substrate; the material removal mechanism is mainly by 
pure erosion of the metal. However, under low particle fluxes, the oxide has sufficient time to 
form and stabilize. In the meantime, it is hard for impacting particles without sufficient energy 
to damage the oxide film, and corrosion becomes the major mechanism for material wastage. 
As such, at low particle concentration, corrosion is the dominant material wastage mechanism 
and can be enhanced by erosion. 
 
Fig 4.39 shows the SEM images of the internal surfaces of as-received and boronized elbow 
after exposure to erosion-corrosion at a flow velocity of 2.5 m/s and 10 wt.% and 50 wt.% 
particle concentration. At 10 wt.% particle concentration, horse-shoe shaped craters with sharp 
lips appear on the surface of untreated samples (Fig. 4.39a), which indicates cutting by sand 
particles. For the boronized elbows under the same test condition (Fig. 4.39c), the surface is 
rougher than that of as-received samples. It is the crater that makes the inner surface rougher, 
and the craters are generated due to erosion corrosion. At 50 wt.% sand concentration, deep 
pores, strong cracks and corrosion products are found on the surface of nonboronized elbows 
(Fig. 4.39b). In boronized elbows (Fig. 4.39d), the worn surfaces are characterized by deep pits, 
cracks and broken particles (within the pits). 
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Figure 4.39. SEM micrographs obtained from the middle region of as-received and boronized 
AISI 1018 steel elbows subjected to erosion-corrosion in potash-sand particle slurry flowing 
at 2.5 m/s. (a) 10 wt.% sand loading, as-received, (b) 50 wt.% sand loading, as-received, (c) 
10 wt.% sand loading, boronized, and (d) 50 wt.% sand loading, boronized.  
 
Figure 4.40 shows SEM micrographs obtained for internal surfaces of as-received and 
boronized AISI 108 steel elbows after exposure to erosion-corrosion at a flow velocity of 4 m/s 
and 10 wt.% and 50 wt.% particle concentration. At 10 wt.% particle concentration, the worn 
surface of the unboronized elbow (Fig. 4.40a) is smoother that what was obtained for a flow 
velocity of 2.5 m/s (see Fig. 4.39a). The worn surfaces of the boronized elbows (Fig. 4.40c) 
contain deep cavities with some broken particles. The cavities may have resulted from brittle 
failure of the boride layer due to impingement of high velocity sand particles. At 50 wt.% sand 
particle concentration, shallow horse-shoe shaped scars decorate the worn surfaces of the as-
received elbows (Fig. 4.40b). The worn surfaces of the boronized elbows at 50 wt.% sand 
concentration are smoother and contain shallower cavities than at 10 wt.% sand concentration.  
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Figure 4.40. SEM micrographs obtained from the middle region of as-received and boronized 
AISI 1018 steel elbows subjected to erosion-corrosion in potash-sand particle slurry flowing at 
4.0 m/s. (a) 10 wt.% sand loading, as-received, (b) 50 wt.% sand loading, as-received, (c) 10 
wt.% sand loading, boronized, and (d) 50 wt.% sand loading, boronized.  
 
Figure 4.41 shows the SEM images obtained from the internal surfaces of as-received and 
boronized elbows after exposure to pure erosion in a slurry containing 10 wt.% sand particles 
at 2.5 m/s and 4 m/se. Under 2.5 m/s flow velocity test condition, there is significantly less 
erosive damage on the surface of unboronized elbow (Fig. 4.41a) than was obtained at the same 
speed in the erosion-corrosion test (Fig. 4.39a). Only little surface cracks are found. For the 
boronized elbow (Fig. 4.41c), only small surface lacerations can be seen in comparison with 
large cavities seen in Fig. 4.39c when boronized elbows were subjected to erosion-corrosion at 
the same speed and sand particle concentration. Under 4 m/s flow velocity conditions, the wear 
surfaces of both unboronized (Fig. 4.41b) and boronized (Fig. 4.41d) elbows appear polished, 
with no big craters or cavities as were obtained in the erosion-corrosion test (see Figs 4.39b 
94 
 
and 4.39d, respectively).  
 
Figure 4.41. SEM micrographs obtained from the middle regions of as-received and boronized 
AISI 1018 steel elbows subjected to pure erosion in a slurry containing 10 wt.% sand 
particles.(a) 2.5 m/s (as-received), (b) 4 m/s (as-received), (c) 2.5 m/s (boronized), and (d) 4 
m/s (boronized). 
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CHAPTER 5 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
5.1 Summary and Conclusions 
 
The effects of boronizing treatment on the wear, corrosion, erosion-corrosion behavior of AISI 
1018 low carbon steel and AISI 316L austenitic stainless steel were investigated. The 
boronizing heat treatment involved exposing surfaces of flat specimens and inside walls of 90° 
elbows to Ekabor2 boronizing powder at elevated temperatures in an inert atmosphere. The as-
received and boronized specimens of the two steels were characterized using optical 
microscope, optical profilometer, scanning electron microscope, and X-ray diffraction.  Their 
hardness, wear, corrosion, and erosion-corrosion properties were determined. The following 
conclusions are drawn from this research: 
 
1. The dimensions of AISI 1018 and AISI 316L steel specimens studied were practically 
unaffected by boronizing under the test conditions used in this study.  
 
2. The boride layer that formed on the surface of AISI 316L steel consisted of iron borides 
(FeB and Fe2B), chromium borides (CrB and Cr2B) and nickel borides (NiB, Ni2B and 
Ni3B) under all the boronizing conditions used in this study. On the other hand, FeB and 
Fe2B formed on the surface of AISI 1018 steel when boronized at 850 °C for 4 h. When 
boronized at 900 °C and 950 °C for 4 h, 6 h and 8 h, only the Fe2B phase formed. 
 
3. The thickness and hardness of boride layers developed on AISI 1018 and AISI 316L steels 
varied with boronizing temperature and time. The optimum thickness and hardness values 
were obtained for both steels at 900 °C for 4 h. 
 
4. Boronizing significantly improved the dry wear resistance of AISI 1018 and AISI 316L 
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steels.  
 
5. The formation of the boride layer improved the corrosion resistance of AISI 1018 steel in 
saturated KCl and saturated raw potash solutions by serving as an effective protective layer. 
However, it decreased that of AISI 316L due to the high porosity of the boride layer. 
 
6. Boronizing treatment improved the resistance of AISI 1018 steel elbows to erosion-
corrosion in saturated raw potash slurry containing sand particles, especially high particle 
concentration and high flow velocity. 
 
7. From these research findings, it is proposed that boronizing treatment be considered a 
potentially useful method for corrosion and sliding protection of carbon steel used in potash 
processing plants. 
 
5.2 Future work 
 
In the present study, it has been established shown that boronizing can improve the resistance 
to wear only in dry conditions. Since wear in the most service environments occur in humid 
environments or aqueous solutions, it is important to investigate wet test behavior of the 
boronized steels. The chemical compositions of the corrosion products observed in this study 
are still unknown. Therefore, the following future works are recommended: 
 
1. Conduct wear tests in lubricated conditions to provide an understanding of both the wear 
behavior and wear mechanism for the boronized surfaces in wet environments. 
 
2. Conduct energy-dispersive X-ray spectroscopy (EDS) or use any other suitable analytical 
tools to study the chemical composition of the corrosion products formed on boride layers. 
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3. Use electrochemical impedance spectroscopy (EIS) method to describe the corrosion 
process in the boride layers and describe the influence of porosity of the boride layer on its 
corrosion resistance. 
 
4. Conduct pure erosion experiments also under the high sand concentration (50 wt%) 
condition and compare with erosion-corrosion to confirm the synergy effect and the main 
mechanism under this condition. 
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